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1.0  INTRODUCTION 


1.1  OBJECTIVE 

The  objective  of  this  project  is  to  develop  the  hardware  and  software  components 
for  constructing  and  controlling  reconfigurable,  modular  robots  (MODBOTs).  While 
numerous  robotic  control  architectures  currently  exist,  few  offer  the  degree  of  flexibil¬ 
ity  and  modularity  that  is  required  to  support  rapid  integration  and  prototyping  of 
evolving  (processor  and  sensor)  technology  into  demonstrable  systems.  The  proposed 
architecture  emphasizes  standard  electrical  and  mechanical  hardware  interfaces 
between  distributed  processing  modules,  and  standard  software  libraries  that  provide 
communication  services  and  process  control  across  a  wide  range  of  processors.  The 
product  is  a  standardized  set  of  tools  for  building  robotic  systems  that  can  be  easily 
reconfigured  as  project  requirements  and  technology  change. 

The  first-year  effort  is  concentrating  on  specification  and  design  of  the  architecture, 
while  the  second-  and  (potential)  third-year  efforts  will  pursue  implementation  and 
demonstration  of  the  MODBOT  concept  as  applied  to  an  actual  application,  such  as 
physical  indoor  security. 

1.2  SCOPE 

This  document  describes  the  high-level  architecture  requirements  and  introduces  the 
concepts  related  to  MODBOT  systems.  The  preliminary  design  and  an  example  applica¬ 
tion  of  the  architecture  are  detailed.  The  material  is  divided  into  the  following  sections- 

Section  1.0  is  an  overview  of  the  modular  architecture. 

Section  2.0  discusses  the  reasons  why  a  new  robotic  architecture  is  needed,  and 
gives  examples  of  various  MODBOT  applications  (both  immediate  and  future).  The 
section  includes  an  overview  of  previous  work,  and  briefly  summarizes  related  systems 
that  were  investigated  while  developing  the  modular  architecture. 

Section  3.0  presents  the  requirements  of  a  MODBOT  architecture,  and  outlines 
what  it  must  support  in  terms  of  capabilities,  from  both  the  developer’s  and  the  user’s 
point  of  view. 

Section  4.0  describes  the  MODBOT  system  architecture  in  terms  of  the  major  hard¬ 
ware  and  software  subsystems.  Details  on  the  application  of  the  architecture  to  a 
mobile  security  robot  are  included. 

Section  5.0  describes  MODBOT  operation  in  terms  of  automatic  or  built-in 
capabilities  such  as  self-diagnostics,  self-configuration,  and  self-preservation.  The  com¬ 
munication  and  the  coordination  of  multiple  robots  are  outlined. 
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Section  6.0  presents  a  brief  system  development  plan.  Independent  development  of 
the  MODBOT  sensor,  the  actuator,  and  the  processor  modules  is  also  discussed. 

Section  7.0  defines  the  various  acronyms  and  abbreviations  used  throughout  the 
text. 

Section  8.0  lists  the  reference  material. 

1.3  OVERVIEW 

The  Modular  Robot  Architecture  (MRA)  describes  both  the  hardware  and  software 
components  that  are  used  to  create  a  MODBOT.  The  MODBOT  itself  is  a  generic 
entity  that  must  be  customized  by  the  developer  or  intelligent  user  for  a  particular 
application.  The  MRA  facilitates  customization  of  the  MODBOT  for  specific  tasks  by 
providing  sensor,  actuator,  rnd  processing  modules  that  can  be  configured  in  the 
manner  demanded  by  the  application.  The  Mobile  Security  Robot  (MOSER)  is  an 
example  of  a  MODBOT  that  will  be  developed  using  the  modular  architecture. 

Conceptually,  the  MODBOT  is  similar  to  the  IBM  PC  with  its  expansion  slots;  add¬ 
ing  a  module  to  a  MODBOT  is  like  adding  a  peripheral  card  to  a  PC.  One  simply 
plugs  a  card  into  an  available  slot,  installs  the  supplied  software  drivers,  and  immedi¬ 
ately  incorporates  the  new  capabilities  of  the  card  into  the  system.  Adding  smarter, 
better,  and  faster  modules  and  capabilities  to  a  MODBOT  will  be  equally  simple.  The 
ability  of  the  MODBOT  to  accept  modules  of  increasing  complexity  provides  the  MRA 
with  its  evolutionary  growth  potential,  and  has  been  a  primary  motivating  factor  for  the 
development  of  the  architecture. 

Simply  stated,  a  MODBOT  is  a  collection  of  independent  modules  of  varying  intelli¬ 
gence  and  sophistication  connected  together  by  a  generalized,  distributed  network.  The 
MRA  does  not  require  a  particular  physical  module  configuration  nor  does  it  require 
that  all  modules  be  located  physically  together.  The  generic  MODBOT  is  illustrated  in 
figure  1. 

For  systems  involving  direct  human  supervision,  a  MODI  JT  is  divided  into  two 
physically  separate  computing  systems:  the  Control  Station  (CS)  and  the  Remote 
Platform  (RP).  The  CS  is  a  single  module  that  is  remote  from  the  rest  of  the  MOD¬ 
BOT.  The  RP  consists  of  several  modules  and  is  connected  to  the  CS  by  a  telemetry 
link  that  acts  as  a  network  bridge.  Two  possible  implementations  to  this  approach  are 
given  in  figures  lb  and  Ic.  Only  in  systems  that  are  strictly  autonomous  would  the  CS 
be  located  with  the  RP  (figure  lb). 

(Since  most  of  the  systems  developed  using  the  MRA  will  involve  remote  human 
tontiol  at  various  levels,  the  division  of  the  MODBOT  into  separate  CS  and  RP  sys¬ 
tems  will  be  assumed  throughout  the  remainder  of  this  document.) 
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(a)  generic  MODBOT  (b)  control-station  module  located  (c)  control-station  module  separate 

with  remote  platform  from  remote  platform. 

Figure  1.  Robot  module  configurations. 

The  MRA  is  the  framework  around  which  robotic  applications  can  be  developed. 

The  MRA  supplies  a  set  of  standard  hardware  and  software  components  that  the  user 
then  assembles  to  build  a  modular  system  that  can  be  easily  upgraded  as  requirements 
and  technology  change.  Standardized  components  provide  a  common  interface  for  inte¬ 
grating  the  various  parts  of  a  system  such  as  sensors,  processors,  and  information. 
From  a  developmental  viewpoint,  the  MRA  is  the  “glue”  that  holds  the  pieces  together. 

A  variety  of  applications  can  be  addressed  with  the  modular  architecture,  from 
indoor  security  to  outdoor  surveillance,  but  the  architecture  is  especially  useful  for 
developmental  or  prototype  applications.  (Each  hardware  implementation  of  the  archi¬ 
tecture  addresses  a  different  set  of  robotic  applications.)  The  ability  to  reconfigure  and 
change  modules  lets  developers  quickly  test  new  technology  with  a  minimal  amount  of 
integration  overhead  (and  expense).  Figure  2  shows  the  relationship  between  the 
components  of  a  typical  modular  system  in  an  indoor  application. 

Modular  robots  will  be  particularly  valuable  in  the  laboratory  environmem  where 
requirements  continually  change.  Ideas  can  be  implemented  and  tested  quickly  in  a 
modular  fashion  and,  when  satisfactorily  debugged,  transferred  to  the  deliverable 
system. 

Operation  of  a  MODBOT  depends  primarily  upon  the  application.  The  MRA  pro¬ 
vides  a  software  “kernel”  around  which  application-specific  control  methodologies  and 
algorithms  can  be  implemented.  Only  rudimentary  process  control  is  provided  by  the 
modular  architecture.  More  sophisticated  coordination  must  be  supplied  by  the 
developer  as  required. 
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The  MRA  is  a  generic  tool  that  must  be  customized  from  both  a  hardware  and  soft¬ 
ware  standpoint  before  a  particular  application  can  be  addressed.  The  flexibility  of  the 
MRA,  made  possible  by  standard  interfaces  and  a  variety  of  hardware  and  software 
“hooks,”  allows  developers  to  configure  a  robot  to  specific  needs.  Standardized 
interfaces  and  a  modular  hardware  design  allow  for  independent  development  of 
sensor,  actuator,  and  processor  subsystems  that  can  be  tested  and  debugged  offline. 
Final  system  integration  is  performed  much  more  efficiently  since  the  functionality  of 
the  components  being  added  has  already  been  verified. 


REMOTE  PLATFORM  OPERATIONAL  ENVIRONMENT 

Figure  2.  The  relationship  between  components  of  a  modular-robotic  system. 
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2.0  BACKGROUND 


2.1  THE  NEED  FOR  A  MODULAR  ARCHITECTURE 

Most  current  and  projected  nonindustrial  Navy  applications  of  robotics  involve 
mobile  systems.  The  development  of  a  suitable  processing  and  control  architecture  is  a 
task  that  historically  has  been  independently  undertaken  for  individual  robotic  projects, 
each  addressing  different  operational  needs.  Results  often  do  not  succeed  due  to  insuf¬ 
ficient  funding,  awareness  of  the  issues  and  alternatives,  or  a  tendency  to  become  out¬ 
dated.  Furthermore,  the  majority  of  efforts  have  produced  application-specific  control 
systems  that  are  difficult  to  adapt  to  more  than  the  problem  at  hand.  The  development 
of  a  flexible,  powerful,  and  widely  available  “core”  high-level  processing  system  with 
evolutionary  growth  potential  for  use  on  mobile  robots  (ground,  air,  surface,  and 
underwater)  will  greatly  alleviate  these  problems.  An  atmosphere  of  standardization 
and  compatibility  can  be  fostered  among  systems  throughout  the  fleet. 

A  standardized,  modular  control  system  will  also  reduce  the  costs  associated  with 
development  of  customized  architectures.  Only  the  configuration  of  the  pieces  would 
have  to  be  done  each  time,  not  the  redesign  of  the  entire  system.  In  addition,  a  stan¬ 
dardized  architecture  will  promote  software/hardware  reusability  in  that  identical  mod¬ 
ules  and  components  will  be  used  in  several  places,  reducing  both  development  time 
and  cost. 

The  MRA  is  a  generic  control  system  with  a  standard  set  of  hardware  and  software 
tools  that  can  be  used  to  design  modular  robots  with  a  high  degree  of  flexibility  and 
extensibility.  Several  architectures  currently  exist  that  can  be  used  to  construct  the  con¬ 
trol  mechanisms  for  complex  (robotic)  systems.  The  Realtime  Control  System  (RCS) 
developed  by  the  National  Bureau  of  Standards  (NBS,  also  known  as  National  Institute 
of  Standards  and  Technology  [NIST]),  is  an  example  (Barbera,  Fitzgerald,  &  Albus, 
1982).  The  MRA,  however,  is  designed  specifically  to  support  the  development  of 
modular  robots  and  modular  control  systems  (in  the  general  case).  The  MRA  empha¬ 
sizes  standard  hardware  (electrical/mechanical)  and  software  interfaces  to  promote 
development  of  capabilities  by  multiple  activities  (e.g..  Navy,  Army,  Air  Force,  Marine 
Corps),  the  products  of  which  can  then  be  easily  integrated  to  form  a  cooperative  solu¬ 
tion  to  a  common  problem. 

2.2  APPLICATIONS  OF  THE  MRA 

The  MRA  can  be  used  on  a  variety  of  applications  ranging  from  a  simple  embed¬ 
ded  device  control  to  sophisticated  autonomous  robot  control.  Very  little  in  the 
specification  of  the  architecture  restricts  its  use  to  a  given  class  of  control  applications. 
Typically,  however,  a  particular  implementation  will  restrict  the  architecture  to  a  specific 
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set  of  problems.  The  implementation  described  in  this  document  is  aimed  at  the  con¬ 
trol  of  mobile  robots. 

2.2.1  Modular  Developmental  Testbed 

The  primary  purpose  of  the  MRA  is  to  support  the  development  of  robot  modules 
and  control  algorithms  that  will  be  used  to  build  MODBOTs.  Module  development  and 
integration  is  facilitated  by  the  use  of  standard  interfaces  and  procedures.  Developers 
are  required  to  conform  to  the  standards,  but  are  allowed  a  great  deal  of  flexibility  in 
the  types  of  modules  that  can  be  developed.  The  actual  control  methodology  (i.e.,  how 
the  robot’s  action  is  controlled)  is  also  “modular”  in  a  sense  and  can  be  modified  by 
the  developer  to  obtain  any  desired  behavior. 

The  module  concept  allows  for  independent  development  of  new  sensor,  actuator, 
and  software  control  compor  ;nts.  These  components  are  typically  developed  as  mod¬ 
ules  for  MODBOT  applications,  but  the  modules  may  serve  as  a  simple  means  for  test¬ 
ing  new  components  that  are  not  necessarily  destined  for  MODBOTs  (or  even  robotic 
applications). 

Once  the  hardware  modules  and  control  algorithms  have  been  developed,  specific 
applications  can  be  addressed.  (Useful  systems  must  solve  real-world  problems,  and 
the  architectures  upon  which  they  are  based  must  be  proven  capable  of  performing. 

The  developmental  testbed  is  necessary  but,  alone,  is  not  sufficient  to  solve  problems.) 

2.2.2  Physical  Security 

The  first  instance  of  a  MODBOT  to  be  developed  under  the  MRA  will  be  the 
Mobile  Security  Robot  (MOSER).  MOSER  addresses  the  need  for  physical  security 
within  the  confines  of  a  structure  such  as  an  office  building  or  a  warehouse.  The  secu¬ 
rity  robot  will  be  an  autonomous,  modular,  mobile  system  responsible  for  detecting 
intruders  and  responding  to  the  assessed  threat.  It  will  duplicate  several  of  the  sensor 
and  processing  components  found  on  ROBART  II  (Everett  et  al.,  1990)  with  several 
improvements  in  the  area  of  distributed  processing,  such  as  system  networking,  modu¬ 
larity  (module  design),  and  dynamic  system  configuration. 

This  application  was  chosen  as  the  first  implementation  of  the  MRA  for  a  number 
of  reasons:  (1)  the  familiarity  of  the  security  task  to  the  development  team,  (2)  the 
current  availability  of  an  existing,  successful  security  robotic  testbed  (i.e.,  ROBART  n), 
and  (3)  the  desire  to  develop  an  inhouse  mobile  (security)  robot  capability. 

MOSER  is  intended  to  be  a  fully  autonomous  system  capable  of  operating  within  its 
environment  without  human  supervision.  However,  because  intelligent  autonomous  con¬ 
trol  is  not  readily  achieved,  MOSER’s  capabilities  will  be  extended  incrementally  as 
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levels  of  control  (from  teleoperated  to  autonomous  control)  are  added  to  the  robot’s 
control  scheme. 

MOSER  consists  of  the  following  hardware  systems  (items  4  to  7  are  not  specifi¬ 
cally  discussed  here): 

1)  Control  Station  (figure  2). 

2)  Remote  Platform  (figure  3). 

3)  Telemetry  Link  (initially  a  tethered  cable), 

4)  Environmental  processor. 

5)  Fixed  environmental  sensors  and  actuators. 

6)  Navigational  aids  (i.e.,  beacons,  freeway  markers) 

7)  Local  Area  Network  stationed  throughout  environment. 

The  software  portions  of  the  MRA  will  be  used  to  tie  the  hardware  systems  together 
through  the  standard  interfaces  mentioned  above.  This  document  simply  introduces 
MOSER  and  physical  security  as  an  application  of  the  MRA;  detailed  design  informa¬ 
tion  for  MOSER  would  be  given  in  hardware  and  software  design  specifications, 

2.2.3  Other  Applications 

Development  of  the  MRA  gives  the  Navy  a  rapid-robotic-prototyping  capability,  and 
makes  immediately  available  the  tools  to  construct  modular  (robotic)  solutions  to  other 
problems.  Almost  any  application  involving  distributed  processing  on  an  intermediate 
scale  (e.g.,  less  than  255  processors)  can  be  implemented  in  a  modular  fashion.  Three 
possible  uses  are  given  below: 

Waterside  Security 

Physical  Security  could  be  performed  by  an  outdoor  version  of  MOSER.  Problems 
that  arise  when  moving  from  indoor  to  outdoor  systems  include  autonomous  navigation 
(waterside  environments  being  a  bit  more  harsh  and  unpredictable  than  an  office  build¬ 
ing  or  even  an  enclosed  warehouse).  A  MODBOT  could  be  constructed  to  patrol  a 
“secure”  pier  in  an  autonomous  mode  (with  the  aid  of  fixed  beacons,  perhaps),  and 
could  alert  a  remote  operator  of  intruders  or  of  the  absence  of  important  cargo.  The 
advantages  of  robotic  security  guards  are  numerous  (Everett,  1988). 
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Figure  3.  MOSER  remote-platform  (RP)  module  configuration. 


Underwater  Exploration 

Either  a  tethered  or  an  autonomous  MODBOT  could  be  used  for  ocean  exploration 
and  surveillance.  A  MODBOT  could  be  easily  adapted  to  a  submergible  platform.  Spe¬ 
cial  underwater  sensors  could  detect  and  classify  underwater  objects.  Acoustical 
(sonar)-sensor  modules  could  also  be  developed  for  monitoring  and  locating  underwater 
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activity  to  be  investigated  autonomously  or  under  the  supervision  of  a  remote  operator. 
The  navigational  problem  is  even  more  difficult  when  another  dimension  is  added. 

Intelligent  Underwater/ Surface  Sensor 

Stationary  MODBOTs  placed  at  critical  locations  near  harbors,  sea  access  lanes,  or 
other  points  of  interest  could  be  used  as  intelligent  sensor  platforms.  Several  highly 
sophisticated  sensor  modules  employed  on  a  single  MODBOT  would  detect  the  pres¬ 
ence  (or  absence)  of  specific  objects  (environmental  conditions).  The  MODBOT  could 
then  be  programmed  to  respond  by  simply  recording  the  event  or  perhaps  respond  in  a 
more  active  manner.  In  this  application,  the  MODBOT  is  nothing  more  than  a 
data-fusion  machine  with  some  heuristic  applied  to  generate  the  desired  response. 

2.3  RELATED  WORK 

Extensive  research  in  mobile-platform  development  has  taken  place  at  Stanford, 
Camegie-Mellon,  MIT,  DARPA,  Martin-Marietta,  NBS,  and  NOSC  (to  name  a  few). 

The  sections  below  summarize  the  architectures  relevant  to  this  effort  that  have  been 
researched.  Illustrations  of  the  architectures  are  included  for  easy  comparison  between 
several  different  approaches  to  the  control  of  intelligent  machines  (figures  4  through 
9). 


2.3.1  Generic  Robotic  Processing  Architecture  (GRPA) 

The  predecessor  to  the  MRA  (temporally,  if  not  logically),  the  Generic  Robotic 
Processing  Architecture  (GRPA),  was  used  on  the  Unmanned  Ground  Vehicle/ 
Teleoperated  Vehicle  (UGV/TOV,  formerly  GATERS)  program  (Hughes  et  ai.,  1990). 
As  implemented  on  the  GATERS  project,  GRPA  was  basically  a  mechanism  for  map¬ 
ping  operator  input  on  the  control  station  to  vehicle  actuators  on  the  remote  platform, 
successfully  demonstrating  a  relatively  sophisticated  degree  of  teleoperated  control. 
This  version  of  GRPA  implemented  only  a  portion  of  the  architectural  concepts  as 
initially  outlined  (Aviles,  Laird,  &  Myers,  1988),  but  did  prove  thafthe  basic  system 
design  was  capable  of  realtime  device  control  (incentive  enough  to  pursue  further  de- 
\'elopment  of  the  modular  architecture  concept). 

The  GRPA  processing  architecture  (figure  4)  is  based  upon  the  Virtual  Systems 
Interface  (VSI)  data  structure.  Objects  (e.g.,  sensors,  actuators,  state  variables)  are 
divided  into  four  categories:  remote-system  sensors,  remote-system  actuators,  control- 
station  sensors,  and  control-station  actuators.  The  control  portion  of  GRPA  is  responsi¬ 
ble  for  mapping  local  controls  onto  remote  actuators  and  for  mapping  remote  sensors 
onto  local  displays.  Virtual  device  drivers— hardware-specific  I/O  routines— are  used  to 
couple  the  physical  world  to  objects  in  the  VSI.  A  remoting  system  is  used  to  transmit 
and  receive  encoded  packets  between  the  control  station  and  the  remote  vehicle. 
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Several  key  features  of  the  MRA  are  common  to  the  original  goals  of  GRPA  (e.g., 
standard  software  interfaces,  a  core  high-level  control  system,  and  an  extendible 
modular  design).  The  MRA  is  partially  a  renovation  of  some  of  the  GRPA  ideas  as  be¬ 
gun  under  the  Distributed  Robotic  Control  Architecture  BED  project  in  FY  88.  Whereas 
GRPA  emphasized  “compilation”  of  robot  descriptions  into  actual  implementations,  the 
MRA  emphasizes  distribution  of  function  into  modules  that  can  be  dynamically  config¬ 
ured.  GRPA  was  concerned  primarily  with  the  standard  software  interfaces;  the  MRA 
attempts  to  standardize  both  the  software  and  hardware  interfaces  between  distributed 
components.  Additionally,  system  networking  concepts  introduced  in  GRPA  will  be 
expanded  upon  and  implemented  under  the  MRA, 


Figure  4.  Overall  GRPA  architecture  for  all  levels  (Aviles,  Laird,  &  Myers,  1988.) 


2.3.2  R03ARTII 

ROBART  n,  an  autonomous  security  robot  being  used  at  NOSC,  is  a  testbed  for  the 
development  of  hardware/software  solutions  to  problems  facing  mobile  (sentry)  robots. 
Over  the  last  three  years,  ROBART  II’s  sentry  capabilities  have  been  enhanced  to  make 
it  one  of  the  most  advanced  autonomous  security  robots  used  by  the  Navy  (Everett 
et  al.,  1990). 
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The  computer  architecture  used  on  ROBART  n  (figure  5)  is  designed  as  a  distrib¬ 
uted  hierarchy  of  ten  onboard  microprocessors  acting  as  dedicated  controllers  with  a 
remote  microcomputer  used  as  the  high-level  system  Planner.  The  Planner  performs  the 
functions  of  path  planning,  obstacle  avoidance,  position  estimation,  map  making,  sonar- 
range  plotting,  and  security  assessment.  The  onboard  computers  are  dedicated  to  such 
functions  as  head  positioning,  sonar  ranging,  platform  mobility,  and  speech  synthesis; 
one  of  these  processors  acts  as  the  system  Scheduler  and  coordinates  the  activity  of 
the  others.  Communication  between  the  onboard  computers  is  controlled  by  the 
Scheduler  and  is  accomplished  by  means  of  an  8-bit  parallel  bus  and  a  multiplexed 
RS-232  serial  port.  Communication  between  the  remote  Planner  and  the  robot  is  via  a 
1200-baud  radio  link. 


Figure  5.  Distributed  computer  architecture  for  ROBART  n 
(Everett  et  al.,  1990.) 


Because  ROBART  n  is  not  owned  by  NOSC,  a  replacement  robot  is  needed  to 
enable  research  and  development  to  continue.  The  MOSER  will  provide  NOSC  with  a 
security  robot  having  capabilities  on  the  order  of  ROBART  n  as  well  as  the  potential  to 
exceed  those  capabilities. 
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The  MRA  will  borrow  from  the  experience  gained  in  the  design  and  implementation 
of  ROBART  n  and  offer  new  solutions  to  problems  that  face  all  evolving,  distributed 
computer  systems  (e.g.,  management  of  growth  and  effective  communication  between 
processing  components).  Much  of  the  technology  used  on  ROBART  n  will  be  trans¬ 
ferred  to  MOSER,  particularly  the  autonomous  navigation  and  security-assessment  con¬ 
cepts.  This  technology  transfer  will  allow  the  MRA  physical-security  application  to  be 
developed  much  faster  than  would  otherwise  be  possible  (section  2.2.2). 

MOSER’s  development  is  partially  the  result  of  the  desire  to  create  a  more  powerful 
ROBART  n  with  the  ability  to  easily  add  new  capabilities;  integration  of  additional  sen¬ 
sor  a^d  processing  components  is  becoming  difficult  for  the  developers  of  ROBART  n 
because  the  robot’s  enclosure  is  nearly  full.  The  modular  approach  will  allow  the  tech¬ 
nology  originally  intended  for  ROBART  II  to  be  implemented  on  MOSER  (e.g.,  line 
following  to  aid  in  vehicle  navigation). 

2.3.3  Other  Architectures 

There  are  perhaps  hundreds  of  control  architectures  that  have  been  developed  for 
use  on  intelligent  robotic  systems.  However,  the  literature  search  revealed  four 
approaches  that  stand  out  in  terms  of  both  relevance  to  development  of  the  MRA  and 
in  terms  of  the  unique  architectural  concepts  they  describe.  These  efforts  influenced 
the  generation  of  the  high-level  requirements  for  the  MRA.  The  paragraphs  below 
briefly  summarize  each  of  these  architectures  and  provide  insight  into  some  of  the 
design  decisions  made  in  developing  the  MRA. 

Realtime  Control  System  (RCS) 

The  RCS,  developed  by  the  National  Bureau  of  Standards  (NBS)  as  an  environment 
for  the  design  and  implementation  of  distributed,  task-based  control  applications 
(Barbera  et  al.,  1984),  has  been  successfully  implemented  in  such  efforts  as  the  NBS 
Automated  Manufacturing  Research  Facility  (AMRF),  a  multirobot  manufacturing  shop 
(McGain,  1985). 

The  RCS  does  not  include  specifications  for  the  actual  control  algorithms,  but  does 
include  methods  for  organizing  and  interfacing  those  algorithms.  The  MRA  is  similar 
in  that  it  specifies  only  module-level  communication  and  data  abstraction;  it  does  not 
specify  the  algorithms  used  to  control  processes  within  a  module.  Both  the  RCS  and 
the  MRA  provide  developers  with  a  set  of  tools  to  implement  a  variety  of  control  sys¬ 
tems  in  a  structured,  standardized  manner. 

The  RCS  is  based  on  the  concept  of  generic  control  levels  that  are  organized  in  a 
hierarchy  based  upon  a  task  decomposition  ‘  the  problem  (figures  6a  and  6b).  Each 
of  the  control  levels  has  a  standard  input  an.  output  data-set  interface  that  facilitates 
modularity.  Processing  at  each  control  level  consists  of  sampling  input  data  and 
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generating  output  data  based  upon  user-defined  state  table  information  (figure  6c). 
Sensory  feedback  is  provided  to  each  control  level  by  sensory-processing  modules  avail¬ 
able  at  that  level  (figure  6b).  Realtime  response  is  obtained  by  distribution  of  control 
levels  onto  multiple  processors  communicating  through  common  memory. 


STATUS  REPORT 

FROM  LOWER  STATUS  REPORT  TO 

CONTROL  LEVEL  NEXT  HIGHER 

LEVEL 


(a)  generic  control  level 


(b)  hierarchical  structure  and  sensory-control  interaction 


INPLn’ COMMAND 
PROCESSED  SENSORY 
FEEDBACK 

STATUS  FROM 
LEVEL  BELOW 


INPUT  STATE  OUTPUT  STATE 


OUTPUT  COMMAND 

REQUEST  FOR 
SENSORY  DATA 
STATUS  TO 
LEVa  ABOVE 


INTERNAL  STATE 


(c)  State-table  inputs  and  outputs. 

Figure  6.  RCS  architecture  components  (Barbera, 
Albus,  &  Fitzgerald,  1982). 
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Like  the  RCS,  the  MRA  defines  a  set  of  standard  interfaces  that  allow  for  modular¬ 
ity  and  the  ability  to  easily  introduce  new  capabilities.  The  MRA  also  uses  distribution 
of  function  onto  multiple  processors  to  obtain  realtime  response  where  required.  Unlike 
RCS,  however,  the  MRA  does  not  directly  specify  a  particular  control  architecture 
(e.g.,  hierarchical  decomposition);  it  only  specifies  how  the  modules  that  compose  the 
architecture  (whatever  it  may  be)  communicate,  and  what  common  functionality  each 
module  must  provide. 

NASA/NBS  Standard  Reference  Model  (NASREM) 

NASREM  is  a  hierarchical  control-system  architectural  model  designed  by  NBS  to 
support  development  of  the  control-system  architecture  for  the  Flight  Telerobot  Servicer 
(Albus,  McCain,  &  Lumina,  1984).  NASREM,  primarily  intended  for  telerobotic  sys¬ 
tems,  has  been  extended  to  include  control  of  autonomous  systems  as  well.  As 
depicted  in  figure  7,  control  is  divided  into  three  conceptual  processes  at  six  different 
levels.  Actions  are  performed  by  decomposing  higher  level  commands  into  tasks  that 
eventually  produce  real-world  results  (e.g.,  manipulator  movement).  The  tasks  perform 
different  types  of  mathematical  transformations  at  each  level.  An  operator  interface 
allows  the  user  to  control  the  system  at  any  one  of  the  six  levels.  NASREM  is  an 
implementation  of  RCS  just  as  MOSER  is  an  implementation  of  the  MRA.  NASREM 
was  based  upon  the  system  architecture  that  evolved  from  RCS.  However,  each  offers 
slightly  different  concepts  that  the  MRA  intends  to  support  (or  seeks  not  to  exclude). 

The  goals  of  the  MRA  include  features  offered  by  and  contained  in  NASREM:  flex¬ 
ible  and  well-integrated  system  interface,  control  at  various  levels  of  interaction,  world 
modeling  at  various  levels  of  abstraction,  and  high-level  command  execution.  Like 
NASREM,  the  MRA  is  a  “standard  model”  that  must  be  customized  to  meet  the 
requirements  of  a  particular  application. 

Subsumption 

The  subsumptive  architecture  developed  by  Brooks  (1986)  is  based  on  task- 
achieving  behaviors  organized  vertically  as  horizontal  slices  (figure  8a).  This  is  differ¬ 
ent  from  the  traditional  horizontal  decomposition  of  tasks  (e.g.,  perception,  modeling, 
planning)  into  vertical  slices.  Layers  of  behaviors  can  be  subsumed  by  higher  levels  to 
produce  more  intelligent,  behavior  (figure  8b).  Layers  are  composed  of  modules  that 
are  finite  state  machines  with  associated  data  variables  (figure  8c). 
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GOAL 


Figure  7.  NASREM  (RCS)  hierarchical  control  system  architecture 
(Albus,  McGain,  &  Lumina,  1984.) 


The  subsumptive  approach  is  significant  in  that  it  provides  almost  immediate  func¬ 
tionality  at  lower  levels  of  behavior,  and  allows  for  incremental  growth  toward  an 
autonomous,  useful  purpose.  The  MRA  can  support  subsumption  directly  by  virtue  of 
its  modularity  and  flexibility  in  supporting  behavior-based  control  algorithms  at  the 
module  level.  The  control  system  requirements  of  multiple  goals,  multiple  sensors, 
robustness,  and  extensibility  identified  by  Brooks  (1986)  as  being  inherent  to  the  sub- 
sumptive  control  architecture,  also  apply  to  the  MRA. 


15 


INHIBITOR 


SUPPRESSOR  RESET 

(c)  subsumption  module  with  input  and  output  lines. 
Figure  8.  Subsumption  architecture  (Brooks,  1986). 
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Nested-Hierarchical  Controller  (NHC) 

Figure  9  shows  the  architecture  of  the  NHC  that  its  developer  (Meystel,  1988), 
states  as  being  an  integral  part  of  all  autonomous  mobile  robots  (AMR).  The  NHC 
offers  concepts  that  are  applicable  to  the  development  of  the  MRA  and  to  MODBOT 
implementations  such  as  MOSER.  Of  particular  interest  is  the  decomposition  of  motion 
into  planning,  navigating,  piloting,  and  control.  This  can  easily  be  implemented  under 
MRA  by  using  distinct  modules  to  carry  out  each  of  the  levels  of  motion.  Each  module 
could  also  implement  the  corresponding  level  of  perception  and  knowledge  representa¬ 
tion  used  by  the  motion  process.  Actuators  and  sensors  can  also  be  modeled  and 
implemented  under  the  MRA  in  a  manner  similar  to  that  of  the  NHC. 

The  NHC  architecture  is  divided  into  three  functional  areas:  perception  (how  the 
robot  sees  its  environment);  knowledge  (how  the  robot  models  the  perceived  environ¬ 
ment);  and  planning  (how  the  robot  accomplishes  goals  and  reacts  to  environmental 
situations).  Each  of  the  three  areas  is  broken  down  into  levels  of  data  abstraction  that 
are  useful  to  the  corresponding  level  of  control.  Direct  sensory  feedback  is  available  to 
the  lower-level  control  subsystems  for  realtime  and  reflexive  response. 

Although  architectures  do  exist  for  building  modular  robotic  systems,  the  modular 
approach  proposed  does  not  force  a  particular  control  scheme  upon  the  developers. 
Instead,  it  offers  rudimentary  control  mechanisms  that  can  be  replaced  by  those 
supplied  by  system  developers.  In  addition,  very  few  systems  offer  the  degree  of  hard¬ 
ware  modularity  and  flexibility  that  is  achieved  through  simple,  standardized  interfaces 
supported  by  the  modular  architecture. 

Each  of  the  architectures  above  can  be  implemented  using  the  components  of  the 
MRA.  The  modular  architecture  itself  offers  only  a  simple  default  controller.  More 
sophisticated  robot  control  can  be  obtained  by  implementing  other  methodologies  in  a 
modular  fashion  by  using  selected  (standardized  hardware/software;  components;  in 
this  case,  the  modular  architecture  is  nothing  more  than  a  development  and  integration 
tool.  The  modular  architecture  is  not  intended  to  replace  those  above,  but  to  facilitate 
their  implementation  as  modular  systems. 
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Figure  9.  The  Nested-Hierarchical  Controller  (NHC)  architecture  (Meystel,  1988). 
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3.0  A  FRAMEWORK  FOR  DEVELOPING  MODULAR  SYSTEMS 


3.1  SPECIFICATION  REQUIREMENTS 

Requirements,  even  for  systems  that  are  not  application  specific,  drive  the  design  and 
should  be  specified  in  advance.  These  requirements  specify  the  characteristics  of  an 
architecture  that  can  be  used  to  create  modular  systems  with  a  great  degree  of  flexibil¬ 
ity  in  terms  of  hardware  configuration  ai.d  software  operation.  If  the  architecture  pos¬ 
sesses  these  characteristics,  then  it  should  be  capable  of  supporting  construction  of 
modular  robots. 

The  need  for  a  new  architecture  was  discussed  in  section  2.1.  This  section  outlines 
the  high-level  software  and  hardware  requirements.  In  the  sections  following,  the  MRA 
is  referred  to  as  “the  architecture”. 

3.2  MRA  HARDWARE  REQUIREMENTS 

The  general  hardware  requirement  is  for  an  architecture  that  will  support  produc¬ 
tion  and  assembly  of  sensor,  actuator,  and  processor  modules  that  can  be  connected 
together  using  a  generalized  power,  communications,  and  auxiliary  control/feedback 
“bus.”  The  MRA  provides  hardware  components  and  guidelines  that  system  developers 
use  to  build  modular  robots.  Specific  hardware  requirements  are  listed  below. 

3.2.1  Hardware  Design 

Emphasis  is  placed  upon  a  simple,  flexible,  and  maintainable  hardware  design. 
Complex  designs  lead  to  complex  problems  that  require  complicated  tools  to  solve. 
These  components  will  have  simple,  standardized  interfaces  that  facilitate  system 
integration. 

3.2.2  Support  for  Add-On  Modules 

Incremental  development  of  capabilities  will  be  supported  by  add-on  sensor, 
actuator,  and  processor  modules  that  can  be  configured  in  any  manner  required. 
Modules  will  typically  be  constructed  from  materials  that  allow  easy  physical  connec¬ 
tion,  and  are  structurally  adequate  for  the  operating  environment.  The  modules  may  be 
separate  and  connected  only  by  wires  that  form  the  generalized  module  bus.  The 
architecture  will  support,  at  a  minimum,  16  modules  in  a  single  system. 

3.2.3  Standard  Platform  Interface 

The  architecture  will  provide  a  standard  platform  interface  that  decouples  the  rest 
of  the  modular  robot  from  the  vehicle  platform  or  base.  The  interface  is  a  mechanical 
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and  electrical  connection  between  the  platform  and  one  of  the  robot  modules  (for 
mobile  systems  this  will  be  the  “mobility”  module).  Standardizing  this  connection 
allows  a  modular  robot  to  be  moved  between  platforms  without  modifications.  The 
platform  interface  is  also  responsible  for  regulating  power  supplied  by  the  base  to  stan¬ 
dard  voltages  that  are  made  available  to  the  rest  of  the  robot.  In  terms  of  power,  the 
platform  must  be  capable  of  supplying  24V  DC  (raw),  which  will  then  be  regulated  to 
standard  voltages  of  +12V  DC  and  +24 V  DC  (clean). 

3.2.4  Standard  Module  Interface 

Modules  are  connected  to  each  other  through  a  common  communications  and  power 
bus.  The  bus  provides  a  standard  interface  that  specifies  the  required  mechanical  and 
electrical  connections  for  modules.  The  interface  should  allow  for  growth  in  the  bus 
(auxiliary  control  and  feedback  lines,  for  example).  The  bus,  a  conceptual  device,  is 
implementation  dependent.  The  bus  may  be  a  set  of  wires,  a  connectorized  backplane, 
or  a  combination  of  both.  The  communications  portion  of  the  bus  will  support  rates  of 
at  least  1.8  megabits-per-second  (Mbps)  with  the  ability  to  detect  and  correct  for  simul¬ 
taneous  (interfering)  bus-access  requests.  The  power  portion  of  the  bus  will  supply  a 
minimum  of  lOA  at  +12V  DC  and  15A  at  +24V  DC.  Standard  voltages  of  +5V  DC  (or 
+8V  DC),  +12V  DC,  and  +24V  DC  will  be  distributed  to  each  module  by  regulating 
devices  attached  to  the  power  bus. 

3.2.5  Standardized  Low-Cost/Low-Power  Components 

Building  modular  robots  should  be  cheap  in  terms  of  dollars  and  power.  Low-cost 
(less  than  $200),  low-power  complementary  metal-oxide  semiconductors  (CMOS) 
devices  (e.g.,  integrated  circuits,  regulators,  microprocessors,  etc.)  will  be  used  in  the 
design  of  the  standard  hardware  components.  Off-the-shelf  components  should  be  used 
where  possible.  Battery-operated  systems,  in  particular,  must  minimize  power  consump¬ 
tion  wherever  possible  to  maintain  operation  for  extended  periods.  Standardization  pro¬ 
duces  reusable,  easily  maintainable  components  that  can  typically  be  manufactured  at  a 
lower  cost. 

3.2.6  Unlimited  Expansion 

Above  all  else,  the  hardware  architecture  must  be  expandable.  That  is,  provisions 
(hardware  “scars”)  must  be  in  place  that  will  allow  additional  capabilities  to  be  added 
at  a  later  date.  Application  modules  must  be  developed  that  can  be  assembled  into  a 
system  solution  with  little  or  no  integration  overhead,  that  is,  the  time  spent  on  integra¬ 
tion  is  minimized.  Expansion  of  cap  .ities  is  limited  only  by  available  technology 

and,  as  technology  advances,  so  toe  jld  the  abilities  of  a  modular  robot  incorporat¬ 

ing  that  new  technology  as  an  add-c  module. 
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3.3  MRA  SOFTWARE  REQUIREMENTS 


The  general  software  requirement  is  for  a  computer  architecture  to  support  distrib¬ 
uted  processing  among  numerous  functional  modules  that  can  effectively  communicate 
with  one  another  in  a  coordinated  manner  to  accomplish  a  task  in  real  time.  The  MRA 
provides  software  functions  via  standard  libraries  targeted  at  various  processors  that 
application  programmers  use  to  build  these  modules.  Specific  software  requirements 
are  listed  below. 

3.3.1  Distributed-System  Software  Services 

Modular  robots  are  distributed  systems.  The  architecture  must  provide  for  distrib¬ 
uted  processing  by  means  of  software  functions  that,  at  a  minimum,  support  inter¬ 
process  communication  and  coordination.  These  functions  will  allow  two  or  more 
modules  to  communicate  with  one  another  in  an  efficient  manner,  and  will  allow 
module  processes  to  be  coordinated  such  as  tasks  are  coordinated  in  a  multitasking 
environment.  Response  time,  measured  as  the  time  from  transmission  of  a  typical 
length  command  packet  to  receipt  of  an  acknowledgment  of  that  packet,  will  be  less 
than  100  ps. 

3.3.2  Standard  Module  Application  Controller 

Each  robot  module  is  controlled  by  an  application  program.  For  modules  that  do 
not  require  a  specialized  controller  (e.g.,  simple  sensor  or  actuator  systems),  a  stan¬ 
dard  (default)  application  controller  will  be  provided.  The  controller  will  be  responsible 
for  managing  the  subsystems  of  the  architecture  to  perform  the  function  of  the 
module.  Operation  of  the  controller  is  fixed  and  cannot  be  changed.  Modules  requiring 
more  sophisticated  control  will  replace  the  default  controller  with  a  specialized  (user- 
supplied)  application  controller. 

3.3.3  Standard  Communications  Protocol 

Modules  communicate  with  one  another  by  using  a  protocol  designed  for  high-level 
control  of  robot  functions.  A  standard  protocol  will  be  used  for  interprocess  communi¬ 
cation,  and  for  communication  between  external  devices  such  as  the  control  station. 
The  protocol  will  support  efficient  transmission  of  commands  and  status  information 
between  modules.  An  existing  protocol  should  be  used  if  possible  to  promote  inter¬ 
operability  between  different  systems.  Also,  adherence  to  the  International  Standards 
Organization  (ISO)  Open  Systems  Interconnection  (OSI)  model  should  be  maintained 
with  respect  to  a  layered  communications  protocol  (ISO,  1980). 

3.3.4  Standard  Device  Interface 

Devices  are  hardware  components  that  interact  with  the  real  world  to  either  meas¬ 
ure  (observe)  it  or  effect  (manipulate)  it.  Sensors  and  actuators,  as  well  as  the  parallel 
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and  serial  ports  of  a  computer  are  devices.  Modules  of  a  particular  system  are  often 
constructed  using  similar  components  with  similar  interfaces.  The  architecture  will  pro¬ 
vide  a  common  interface  to  these  and  other  devices.  The  standard  device  interface  acts 
to  decouple  the  details  of  the  hardware  implementation  from  higher-level  software. 
Device  “drivers”  will  be  provided  to  support  control  of  microcomputer/microcontroller 
devices  such  as  serial  ports,  parallel  ports,  and  timers.  Drivers  will  be  provided  for  a 
variety  of  target  systems  (e.g.,  8031  microcontroller,  STD-bus  V20/8088/80286  micro¬ 
processors,  etc.).  A  separate  mechanism  will  also  be  provided  for  standard  access  to 
sensors  and  actuators,  as  well  as  to  logical  and  virtual  devices. 

3.3.5  Flexible  Control  Methodology 

The  modular  architecture  does  not  specifically  provide  a  formal  method  of  control 
other  than  that  offered  by  the  standard  module  application  controller.  Programmers  can 
develop  their  own  control  methodology  to  be  implemented  by  using  the  subsystems  of 
the  architecture.  The  architecture  must  be  flexible  enough  to  support  adaptation  of  new 
and  existing  control  methodologies  to  modular  robots. 

3.3.6  Dynamic  System  Configmation  (reconfiguration) 

To  support  changing  application  requirements,  modular  robots  must  be  able  to  be 
reconfigured  at  will  with  little  or  no  software  changes  necessary.  The  architecture  will 
provide  a  means  for  automatically  recognizing  the  existence  or  absence  of  a  module 
and  to  adapt  system  operation  accordingly.  The  developer  will  be  free  to  add  or 
remove  modules  as  desired  without  the  need  to  change  software  module  “addresses"  or 
“identifiers".  Configuration  of  the  system  with  respect  to  software  module  interfaces 
will  occur  dynamically  at  initialization  time. 

3.3.7  Remote  Function  Operation 

Each  robot  module  can  perform  an  associated  set  of  functions.  This  applies  to  most 
systems  developed  under  the  modular  architecture.  Remote  function  execution  is  pro¬ 
vided  by  the  architecture  so  that  one  module  can  command  another  to  perform  some 
operation  and  return  the  results  upon  completion.  The  architecture  is  responsible  for 
sending  the  appropriate  command  and  for  coordinating  returned  results  with  the 
original  function  call.  Remote  functions  are  used  by  application  programmers  in  a 
manner  similar  to  normal  program  function  calls. 
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4.0  SYSTEM  ARCHITECTURE 


4.1  HARDWARE  COMPONENTS 

The  MRA  hardware  architecture  defines  a  MODBOT  as  a  set  of  modules  linked  by 
a  generalized  distributed  bus.  The  architecture  does  not  require  that  the  modules  be 
arranged  in  any  particular  physical  configuration,  nor  does  the  architecture  specify  the 
types  of  modules  that  a  system  must  contain.  Mobile  systems,  especially  those  involv¬ 
ing  human  supervision,  typically  consist  of  a  control  station  (CS),  a  remote  platform 
(RP),  and  a  telemetry  link  that  connects  the  two.  Note  that  the  architecture  does  not 
force  this  decomposition  upon  an  implementation,  it  is  merely  a  convenient  way  of 
describing  mobile  systems  involving  human  control. 

4.1.1  Control  Station  (CS) 

The  CS  is  viewed  conceptually  as  a  MODBOT  module  whose  central  processing 
unit  is  located  remotely  from  its  associated  module  on  the  RP.  The  telemetry  link  con¬ 
nects  the  CS  processor  to  the  remote  portion  of  the  CS.  Figure  10  shows  a  typical  CS 
and  its  associated  peripherals.  The  hardware  architecture  specifies  only  that  the  CS 
hardware  be  capable  of  supporting  the  MRA  standard  software  systems. 

4.1. 1.1  Human  Interface 

The  CS  is  the  primary  operator  interface  to  the  MODBOT.  The  CS  acts  as  a  con¬ 
trol  and  display  environment  that  allows  the  operator/developer  to  manipulate  and 
observe  any  part  of  the  robot  and  its  world  that  is  modeled  by  the  system.  The  user 
can  control  operation  of  the  robot  at  any  one  of  several  levels,  e.g.,  teleoperated, 
reflexive,  or  supervisory  depending  upon  the  application  software.  Sensory  and  other 
state  information  is  transmitted  from  the  robot  to  the  CS  for  display  and  analysis. 

4.1. 1.2  Displays 

The  CS  uses  one  or  more  displays  to  present  command,  control,  and  sensory  infor¬ 
mation  to  the  operator.  Realtime  video  transmitted  from  the  RP  can  be  displayed  on 
separate  monitors  or  integrated  into  a  single-monitor  system.  Some  applications  may 
require  more  sophisticated  devices  such  as  headmounted  displays  that  provide  stereo¬ 
scopic  vision.  The  selection  of  displays  is  completely  dependent  upon  the  requirements 
of  the  application. 

4.1. 1.3  Controls 

Possible  controls  include  a  speech-recognition  device  called  the  Voice  Navigator  by 
Articulate  Systems,  Inc.  The  Voice  Navigator  connects  to  the  SCSI  port  of  the  Macin¬ 
tosh  and  employs  a  menu-driven  voice  training  system  to  learn  voice  commands  of  a 


23 


specific  operator.  The  audio  speaker  available  on  the  Macintosh  allows  the  CS  to  verify 
the  command  to  tell  the  operator  when  the  robot  is  done  performing  a  task.  The 
joystick  selected  for  this  application  is  the  Advanced  Gravis  MouseStick.  The  Mouse- 
Stick  features  three  programmable  pushbuttons  to  allow  for  mouse-like  menu  control  of 
specific  functions,  and  is  used  to  teleoperate  (drive)  the  robot. 


VOICE-RECOGNITION 

SYSTEM 


JOYSTICK  KEYBOARD 


MOUSE  AND  PAD 


HAND-HELD  RF 
ABORT  SWITCH 


Figure  10.  Control-station  (CS)  configuration  showing  external  device 
connections. 
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4.1.2  Remote  Platform  (RP) 


The  RP,  the  remote  portion  of  the  MODBOT,  represents  what  is  normally  referred 
to  as  the  “robot” .  The  RP  is  a  series  of  modules  that  are  connected  together  in  a 
daisy-chain  fashion  by  a  distributed  robot  module  bus.  For  mobile  systems,  the  RP 
includes  a  propulsion  system  or  base  suitable  for  the  application  environment  (i.e., 
land,  air,  sea,  or  other).  The  MRA  specifies  standard  hardware  interfaces  between  each 
RP  module,  and  also  indicates  how  the  modules  are  attached  to  the  base,  electrically 
and  mechanically.  The  architecture  places  no  restrictions  upon  module  arrangement. 

4.1.2.1  Base 

The  base  is  comprised  of  the  propulsion  system  and  its  accompanying  power 
source.  An  outdoor  robot  would  need  a  much  more  rugged  platform  and  a  fuel-driven 
system  while  its  indoor  counterpart  would  be  most  likely  electrically  driven.  The  only 
assumption  the  MRA  places  upon  the  base  is  that  it  must  provide  power  to  the  rest  of 
the  system.  For  nonmobile  robots,  the  base  may  consist  simply  of  a  mechanical 
module  mount  or  frame  and  an  electrical  connection  to  a  provided  power  source  (e.g., 
a  24V  DC  transformer). 

The  base  is  viewed  conceptually  as  an  actuator  with  an  associated  mobility  module 
that  interfaces  the  base  to  the  rest  of  the  RP.  The  mobility  module  contains  the  stan¬ 
dard  MRA  hardware  components  and  is  usually  attached  directly  to  the  base. 

For  the  in  tr  security  robot,  a  modified  version  of  the  TRC  Labmate  is  being 
used.  The  wiring  of  the  original  platform  was  unacceptable  and  was  totally  redone.  In 
addition,  the  original  motor  controllers  were  replaced  with  much  more  reliable  and 
robust  units.  The  Labmate,  a  stand-alone,  24V  DC  battery-operated  base,  has  an 
RS-232  interface  to  an  onboard  processor  that  controls  basic  platform  functions  such  as 
point-to-point  transit  and  continuous-path  control.  High-level  commands,  such  as  “go 
forward  5  meters”  or  “turn  45  degrees,”  can  be  issued  from  a  host  processor  via  the 
RS-232  interface.  The  Labmate  also  has  a  joystick  interface  that  is  used  to  manually 
control  the  base. 

4.1.2.2  Robot  Module  Bus  (MODBUS) 

Power,  communications,  and  auxiliary  control  are  distributed  to  each  of  the  MOD¬ 
BOT  modules  via  the  robot  module  bus  or  MODBUS.  The  bus  provides  a  standard  in¬ 
terface  to  each  module  and  simplifies  the  connections  between  modules.  As  shown  in 
figure  11,  the  MODBUS  consists  of  three  sets  of  signal  lines  that  form  the  standard 
module  interface.  The  lines  are  broken  apart  at  each  module  where  the  different  sets 
of  signals  are  run  to  the  appropriate  devices;  the  communications  lines  are  connected 
to  the  intelligent-communications  node,  the  power  lines  are  attached  to  the  power  dis¬ 
tribution  node,  and  the  auxiliary  lines  are  attached  to  components  as  required  by  the 
particular  module  to  which  they  run  (the  auxiliary  control/feedback  lines  have  yet  to  be 
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identified  as  to  number  and  function,  but  will  allow  for  a  certain  amount  of  growth  in 
the  MODBUS). 
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Figure  11.  Generalized  robot  module  “bus”  (MODBUS). 


The  power  lines  carry  common  DC  voltages  (+24V,  +12V,  etc.)  provided  by  the 
robot  base  and  the  power-conditioning  unit.  The  communications  lines  support  the 
intermodule  local  area  network,  while  the  auxiliary  bus  lines  carry  module-specific 
signals  other  than  power  and  communications,  such  as  video,  audio,  etc. 

Modules  are  connected  through  the  MODBUS,  which  is  implemented  on  MOSER  as 
a  cable  harness  that  is  daisy-chained  from  one  module  to  the  next.  This  allows 
modules  to  be  rearranged  quickly  and  easily  without  any  of  the  problems  normally 
associated  with  relocating  components  of  an  embedded  system  (such  as  cable-handling 
nightmares). 

4. 1.2.3  Intelligent-Communications  Node  (ICN) 

Each  robot  module  contains  an  Intelligent-Communications  Node  (ICN)  that 
provides  a  standard  interface  to  the  MODBOT  local  area  network.  The  ICN  manages 
medium-speed  (>1  MBPS)  data  exchange  between  modules  on  the  network  by  providing 
error  detection/correction,  collision  detection,  and  general  message  passing  services. 
Figure  12  is  a  block  diagram  of  the  ICN.  The  portion  of  the  diagram  contained  in 
dashed  lines  may  or  may  not  be  required.  Single-chip  microcontrollers  are  available 
that  offer  an  integrated  communications  capability  without  the  need  for  a  separate 
network  interface  controller. 
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(POWER  DISTRIBUTION  MODULE)  (MODULE  PROCESSING  UNIT) 


Figure  12.  ICN  block  diagram. 


The  communications  path  is  daisy-chained  such  that  any  module  can  talk  to  any 
other  module— there  is  no  central  communications  controller.  Point-to-point  as  well  as 
broadcast  communications  are  supported.  The  ICN  interfaces  to  the  communications 
bus  on  one  side  and  to  the  module  processing  unit  on  the  other.  The  interface  to  the 
processing  unit  is  configurable  as  either  a  standard  RS-232  connection  or  as  an  8-bit, 
high-speed,  parallel  connection. 

The  ICN  on  the  MOSER  is  designed  using  CMOS  components  to  minimize  power 
consumption.  An  Intel  80C152  Universal  Communications  Controller  is  used  as  the 
ICN  processor  (Intel  Corporation,  1989).  The  80C152,  an  8-bit  microcontroller  with  an 
internal  global-communications  channel  that  implements  the  MODBOT  local  area  net¬ 
work,  can  be  configured  to  use  one  of  four  communications  protocols:  (1)  Carrier- 
Sense  Multiaccess  with  Collision  Detection  (CSMA/CD);  (2)  a  subset  of  High-level 
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Data-Link-Control  (HDLC);  (3)  Synchronous  Data-Link  Control  (SDLC);  and  (4)  a 
user-definable  protocol.  Baud  rates  of  up  to  1.8  MBPS  are  possible.  A  local-communi¬ 
cations  channel  is  also  available  for  serial  (RS-232)  communications  to  the  module’s 
primary  processor. 

4. 1.2.4  Power-Distribution  Node  (PDN) 

Each  robot  module  also  contains  a  Power-Distribution  Node  (PDN)  that  provides 
local  power  conditioning,  regulation,  and  short-circuit  protection  of  power  inputs  from 
the  MODBUS.  Standard  voltages  such  as  +5V/+8V  DC,  +12V  DC,  and  +24V  DC  are 
supplied  by  the  PDN  to  the  module.  Distribution  of  power  to  individual  components 
can  be  locally  controlled  via  TTL-level  inputs  to  “switches”  on  the  PDN  (figure  13). 
This  allows  specific  subsystems  to  be  turned  off  while  not  in  use  to  conserve  power. 
High-current  thermal  fuses  are  used  in  place  of  circuit  breakers  so  that  power  that  has 
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Figure  13.  PDN  block  diagram. 
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been  temporarily  removed  from  a  circuit  will  be  automatically  reapplied  after  a  certain 
amount  of  time  has  passed.  Thus,  human  intervention  is  not  required  to  replace  a 
blown  fuse  or  reset  a  mechanical  breaker,  which  is  not  always  possible  with  a  remote 
system. 

Component  selection  (i.e.,  fuse  size,  regulator  type,  etc.)  determines  the  current- 
carrying  capabilities  of  each  PDN  and  can  be  modified  so  that  a  particular  module  will 
be  supplied  with  an  appropriate  amount  of  power.  The  MRA  specifies  limits  on  power 
consumption  for  each  module  so  that  a  power  budget  for  the  entire  system  is  achieved. 

4. 1.2.5  Platform-Power-Conditioning  Unit  (PPCU) 

The  PL-'tform-Power-Conditioning  Unit  (PPCU)  is  responsible  for  converting  the 
power  supplied  by  the  robot  base  to  the  standard  voltages  available  on  the  MODBUS. 
The  PPCU  resides  in  the  robot  base  and  must  be  interfaced  to  the  existing  platform 
power  system.  It  first  protects  and  conditions  the  power  supplied  by  the  base  with  cir¬ 
cuit  breakers  and  spike  suppre.ssors,  and  then  converts  the  power  to  standard  voltages 
delivered  over  the  MODBUS  to  the  PDN.  The  supplied  voltages  are  isolated  from  each 
other  to  avoid  grounding  problems.  The  only  requirement  that  the  PPCU  places  upon 
the  platform  is  that  it  be  capable  of  providing  +24V  DC  at  sufficient  current.  A  block 
diagram  for  the  PPCU  is  given  in  figure  14. 

The  PPCU  also  provides  a  standard  interface  between  the  robot  platform  and  the 
power-distribution  portion  of  the  MODBUS.  The  PPCU  makes  the  MODBUS 
base-independent,  and  decouples  the  power  system  of  the  base  from  the  rest  of  the 
MODBOT. 

4.1. 2.6  Sensor,  Actuator,  and  Processing  Modules 

A  module  is  conceptually  an  independent  unit  with  associated  sensors,  actuators, 
and/or  processors.  Each  module  must  contain  an  ICN,  a  PDN,  a  central  processing 
unit,  also  known  as  the  Module  Processing  Unit  (MPU)  and,  optionally,  may  contain 
sensors,  actuators,  additional  processors  or  whatever  else  is  required  to  support  the 
function  of  the  module  (figure  15).  The  ICN  is  the  module’s  interface  to  the  robot 
local  area  network,  while  the  PDN  is  the  interface  to  the  power  system  of  the  robot. 
The  MPU  implements  the  software  systems  of  the  MRA  along  with  application-specific 
software  provided  by  the  developer  or  intelligent  user.  The  only  restrictions  the  MRA 
places  upon  the  processing  unit  is  that  it  be  capable  of  implementing  the  MRA 
software  subsystems,  and  capable  of  communicating  with  the  ICN.  Any  processor 
meeting  these  requirements  can  be  used,  from  simple  single  chip  microcontrollers  to 
sophisticated  68000-based  microcomputers. 

The  ICN  is  connected  to  the  MPU  through  either  a  standard  RS-232  or  an  8-bit  par¬ 
allel  interface.  Command  and  control  data  are  transferred  between  the  MODBUS  local 
area  network  and  the  MPU  via  the  ICN.  The  ICN  receives  power  directly  from  the 
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PDN,  and  the  ICN  can  control  module  power  distribution  through  connections  to  local 
switches  on  the  PDN. 


PLATFORM  POWER 
(24VDC-36VDC) 


VOUT,  GND, 


VOUTi  GND* 


VOUTa  GNDa 


Figure  14.  PPCU  block  diagram. 


The  MPU  also  receives  power  directly  from  the  PDN,  and  can  control  module 
power  distribution  through  connections  to  local  switches  on  the  PDN.  The  PDN  is  con¬ 
nected  directly  to  the  power  portion  of  the  MODBUS. 

Modules  interface  to  the  real  world  through  sensors  and  actuators  connected  to  the 
module  processor.  A  human  interface— usually  in  the  form  of  a  serial  connection- 
should  be  included  on  each  module  for  diagnostic  and  test  purposes.  The  environment 
interface  shown  in  figure  15  refers  to  a  possible  connection  to  a  secondary 
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communications  system  such  as  an  I/R  link  or  high-speed  local  area  network  stationed 
throughout  the  environment. 

Construction  and  assembly  of  modulf  '■  should  be  standardized  so  as  to  maximize 
component  interchangeability  and  ease  ot  connectivity.  The  MRA  does  not  specify  what 
modules  are  to  be  made  of,  it  only  specifies  certain  components  that  each  module 
must  include  (the  ICN  and  PDN  for  example).  The  physical  implementation  of  a 
module  will  vary  between  applications;  the  module  in  figure  15  is  a  conceptual  entity 
that  can  be  implemented  in  a  number  of  ways  depending  upon  the  user’s  needs. 


REAL-WORLD 
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Figure  15.  Generic  robot  module.  The  communications  link  to  the  external 
environment  (environment  interface)  and  the  sensors  and  actuators  (real- 
world  interface)  are  optional. 

Modules  should  have  a  single  function  or  purpose.  For  example,  a  video  transmitter 
should  not  be  combined  with  an  ultrasonic  range  sensor  on  a  single  module,  rather  the 
two  should  be  implemented  as  separate  units.  This  is  equivalent  to  having  distinct  soft¬ 
ware  modules  that  support  separate  functions  of  a  program,  and  is  consistent  with 
modular-system-engineering  practices. 
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Modules  required  for  the  mobile-security-robot  application  include  actuator,  sensor, 
and  processing  modules  sufficient  for  intelligent  navigation  and  for  detection  of 
“intruders.”  This  includes  a  mobility  module  that  interfaces  to  the  robot  platform, 
ultrasonic  collision  avoidance  and  navigation  modules,  an  intrusion  detection  module,  a 
near  I/R  proximity  module  used  as  a  redundant-collision-avoidance  sensor,  an  audio/ 
visual  module  used  during  teleoperation,  a  CS  module  that  houses  the  telemetry  link  to 
the  CS  processing  unit,  and  a  high-level  processing  module  that  is  responsible  for  path 
planning,  world  modeling,  and  overall  system  coordination. 

4.1.3  Telemetry  Link 

The  telemetry  link  is  the  external  connection  between  the  CS  and  the  RP,  and  is 
application  dependent.  Typical  command  and  control  links  (as  opposed  to  video  or 
audio  links)  use  radio  frequency  (RF),  infrared  (I/R),  or  some  form  of  tether  such  as  a 
fiber-optic  cable.  A  combination  of  devices  can  be  used  in  situations  where  the  capa¬ 
bilities  of  a  single  device  is  not  sufficient  for  the  given  environment  (an  intelligent 
communications  controller  could  then  switch  between  systems  as  fields  of  coverage  or 
signal  strength  change).  The  link  allows  the  CS  processor  sufficient  bandwidth  to  effec¬ 
tively  transfer  information  to  the  robot  (and  vice  versa). 

The  telemetry  system,  part  of  the  CS  module,  is  an  external  connection  of  the  CS 
module-processing  unit  to  the  CS  remote-platform  ICN.  Telemetry  units  are  located 
both  with  the  CS  processor  and  within  the  CS  remote-platform  module,  and  allow 
information  to  be  transferred  indirectly  between  the  CS  processor  and  the  RP  local 
area  network  just  as  if  the  CS  processor  were  located  onboard  the  RP  (figure  16). 


ICN  ATTACHED  TO 
COMMUNICATIONS  PORTION 


CS  RP 

MODULE  PROCESSING  UNIT  CONTROL-STATION  MODULE 

Figure  16.  Telemetry  link  connecting  the  control-station 
(CS)  processing  unit  and  the  remote-platform  (RP)  module. 
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MOSER  uses  a  hard-wired  tether  that  transmits  command  and  control  information 
between  the  CS  processor  and  the  remote  CS  module  as  an  RS-232  signal  operating  at 
9600  baud.  In  addition,  the  tether  carries  dual-channel  audio  and  dual-channel  video. 
Future  plans  call  for  replacement  of  the  tether  by  an  RF  spread  spectrum  local  area 
network  controller  for  the  command  and  control  link  and  two  RF  video  transmitters 
with  dual-channel  audio. 

4.1.4  Communication  Networks 

Multipoint  control— having  one  station  control  two  or  more  RPs— is  accomplished 
through  the  use  of  local-area  wireless  network  (LAWN)  modems.  Data  exchanged 
between  the  CS  and  the  RP  over  the  telemetry  link  contains  addressing  information 
that  identifies  the  source  and  destination  of  transmissions.  Each  wireless  modem  has 
an  associated  address  identifier.  The  modem  controller  examines  incoming  data  and 
accepts  them  only  if  the  address  matches  its  own.  By  changing  the  destination  address, 
a  single  CS  can  communicate  with  and  control  multiple  MODBOTs.  Figure  17 
illustrates  the  concept. 


RP 

(ADDRESS  z) 


Figure  17.  A  single  control-station  (CS)  controlling 
multiple  remote  platforms  (RP)  (note  the  addressing). 
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Multiple  CSs  can  also  be  used  to  control  a  single  RP.  Each  CS  can  be  assigned  a 
different  subsystem  to  manage  or  monitor.  Coordination  between  stations  can  be 
accomplished  by  communication  over  a  separate  local  area  network  (figure  10). 

4.2  SOFTWARE  COMPONENTS 

The  MRA  software  architecture  provides  a  framework  around  which  distributed 
applications  can  be  developed  and  implemented  in  a  modular  manner.  The  software 
systems  are  organized  as  layers  in  an  N,N-k  architecture  where  one  software  subsystem 
may  have  views  (access)  to  multiple  subsystems  below  it  in  the  hierarchy  (Lorin, 

1988).  Figure  18  is  the  modular-architecture-system  image.  The  four  primary  software 
interfaces  are  given  vertically  on  the  right  side  of  the  diagram  (e.g.,  Message-Manager 
Interface,  LAN/MPU  Interface,  etc.)  while  the  software  subsystems  that  provide  the 
interfaces  are  shown  as  layers  within  the  hierarchy  (e.g.,  METHOD  LEVEL,  COMMU¬ 
NICATIONS  LEVEL,  etc.).  MODBOT  software  application  developers  are  able  to  use 
any  subsystems  as  desired.  However,  applications  must  provide  specific  functionality 
that  is  established  by  the  MRA  and  is  otherwise  obtained  through  the  use  of  these  sub¬ 
systems.  A  standard  software  “library”  is  provided  with  functions  available  for  inter¬ 
module  communications,  simple  task  control,  and  management  of  local  and  system 
module  function  execution.  Software  developers  need  only  supply  a  minimal  set  of 
device-specific  software  “drivers”  to  implement  the  entire  MRA  software  architecture 
(i.e.,  the  software  subsystems  are  portable  between  hardware  implementations  with 
only  few  modifications  necessary). 


MESSAGE-MANAGER 

INTERPACE 


UN/MPU 

INTERFACE 


LOGICAL-DEVICE 

INTERFACE 


SOFTWARE 

INTERFACE 


EACH  LEVEL  MAY  SEE  MULTIPLE  LEVELS  BENEATH 


Figure  18.  MRA  system  image  {N,N-k  architecture). 
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Each  robot  module  can  be  thought  of  as  an  object  that  responds  to  a  variety  of 
commands  represented  by  the  object’s  methods  and  whose  internal  state  is  maintained 
by  instance  variables.  Robot  modules  are  of  the  class  Module  and  possess  certain 
capabilities  common  to  all  objects  of  that  class.  Modules  also  inherit  the  capabilities  of 
their  superclass  (Object).  Through  classification  and  other  properties  of  object-oriented 
programming,  robot  modules  are  given  (by  definition)  common  functionality. 

The  software  subsystems  of  the  MRA  directly  support  object-oriented  design  and 
implementation  of  distributed,  highly  modular  control  systems  for  use  on  mobile  (and 
nonmobile)  robots.  An  object-oriented  approach  promotes  both  reusable  software  com¬ 
ponents  and  modularity  at  several  levels.  Additional  capabilities  can  easily  be  added  to 
a  module  simply  by  adding  new  methods  to  the  object’s  class. 

Below  is  a  functional  decomposition  of  the  MRA  software  systems  as  implemented 
on  the  ICN  and  the  MPU.  (The  ICN  software  is  a  subset  of  the  MPU  software  with  the 
exception  of  the  Global  Communications  Subsystem,  which  is  unique  to  the  ICN.) 
Figure  19  is  a  block  diagram  of  the  MRA  software  subsystems  as  implemented  on  the 
MPU  (note  that  the  Global  Communications  Subsystem  and  the  Logical-Device  Inter¬ 
face  are  not  shown). 

4.2.1  ICN  Software  System 

The  ICN  software  system  is  responsible  for  managing  medium-speed  communication 
between  the  MODBOT  local  area  network  (LAN)  and  the  MPU  on  board  each  module. 
The  ICN  provides  a  standard  interface  between  the  LAN  and  the  MPU,  and  is  the 
cornerstone  of  the  MRA  in  that  it  provides  for  distributed  MODBOT  module  communi¬ 
cation  and  control. 

The  ICN  software  supports  a  1.8-MBPS  (maximum),  CSMA/CD  (peer-to-peer)  com¬ 
munications  network  configured  as  a  bus  with  deterministic  access  to  a  maximum  of 
255  modules  (slots).  There  is  no  central  or  master-communications  controller.  Each 
node  has  equal  access  to  the  network  and  is  responsible  for  managing  its  own 
resources.  The  Intel  80C152  global  serial  channel  (GSC)  is  used  as  the  node  controller. 

The  ICN  software  system  is  composed  of  the  following  five  functional  units: 

1)  Global-Communications  Device  Handler. 

2)  Global-Communications  Interface. 

3)  Local-Communications  Device  Handler. 

4)  Local-Communications  Interface. 

5)  Intelligent-Communications  Controller. 

The  Global-Communications  Subsystem  and  the  Intelligent-Communications  Control¬ 
ler  are  unique  to  the  ICN  software  system.  The  Local-Communications  Subsystem  is 
common  to  both  the  ICN  and  MPU  processing  systems. 
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USER  APPUCATION 


INTBUGENT-COMMUNICATIONS  NODE  IKTTERFACE 
DATA  IN  I 


4.2. 1.1  Global-Communications  Subsystem 

The  Global-Communications  Subsystem  implements  a  standard  set  of  functions  on 
the  target  LAN  hardware.  These  functions  are  used  by  higher-level  software  to  access 
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the  LAN.  The  subsystem  is  broken  down  into  the  Global-Communications  Device 
Handler  (responsible  for  low-level  control  of  the  LAN  hardware)  and  the  Global- 
Communications  Interface  (which  implements  the  standard  network  access  functions 
available  to  other  software  subsystems). 

The  Global-Communications  Device  Handler  interacts  directly  with  the  ICN  hard¬ 
ware  to  provide  external  communications  between  the  LAN  and  the  ICN.  The  functions 
at  this  level  are  device-specific,  and  must  be  modified  for  the  target  (LAN)  hardware. 
The  functions  provided  by  the  GSC  and  the  device  handler  implement  the  Physical 
Link  Layer  and  the  Data  Link  Layer  of  the  ISO  open-systems  communication  model 
(International  Standards  Organization,  1980). 

The  device  handler  logically  decouples  the  standard  functions  of  the  Global- 
Communications  Interface  from  the  hardware  implementation.  To  use  a  device  other 
than  the  GSC  as  the  MODBOT  LAN,  only  the  Global-Communications  Device  Handler 
functions  must  be  rewritten. 

The  Global-Communications  Interface  is  an  abstraction  of  the  lower-level  functions 
and  represents  the  user  interface  to  the  LAN.  Functions  at  this  level  are  completely 
hardware  independent,  and  provide  services  for  initializing  and  transmitting  messages 
to/from  the  LAN. 

4.2.1.2  Local-Communications  Subsystem 

The  Local-Communications  Subsystem  implements  a  standard  set  of  functions  on 
the  target-processor  communications  hardware.  These  functions  are  duplicated  on  both 
the  ICN  and  MPU,  and  are  used  by  higher-level  software  to  communicate  between  the 
two  systems.  The  subsystem  is  broken  down  into  the  Local-Communications  Device 
Handler  (responsible  for  low-level  control  of  the  serial  or  parallel  communications 
hardware)  and  the  Local-Communications  Interface  (which  implements  the  standard 
communications  port  access  functions  available  to  other  software  subsystems). 

The  Local-Communications  Device  Handler  is  responsible  for  low-level  data 
exchange  between  the  MPU  and  the  ICN.  Functions  at  this  level  deal  directly  with  the 
target  hardware  and  are  device-specific,  so  their  implementation  will  change  as  the 
hardware  changes.  The  device-handler  functions  are  distributed  between  both  the  MPU 
and  ICN,  providing  the  communications  link  between  the  two  systems. 

The  device  handler  logically  decouples  the  higher-level  functions  provided  by  the 
Local-Communications  Interface  from  the  specific  hardware  implementation.  Changing 
serial-communications  controllers,  for  example,  requires  only  that  certain  portions  of 
the  physical  interface  be  modified  to  maintain  consistency  and  compatibility  at  higher 
levels. 

The  Local-Communications  Interface  is  an  abstraction  of  the  lower-level  functions 
and  represents  the  user  interface  to  the  interprocessor  (local)  communications  port. 
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Functions  at  this  level  are  completely  hardware  independent,  and  provide  services  for 
initializing  and  transmitting  packets  to/from  the  serial  or  parallel  port. 

4.2. 1.3  Intelligent-Communications  Controller 

The  “main”  program  of  the  ICN  is  the  Intelligent-Communications  Controller  whose 
MPU  counterpart  is  the  User  Application.  The  ICN  controller  is  very  simple:  it 
initializes  the  Local-  and  Global-Communications  Subsystems,  and  then  coordinates 
transmission  of  information  (data  packets  that  represent  module  messages)  between  the 
ICN  and  the  MPU.  Messages  are  received  from  the  network  and  passed  along  to  the 
MPU.  Messages  are  also  received  from  the  MPU  and  then  sent  on  to  the  network  for 
distribution  as  appropriate. 

Currently,  the  communications  controller  is  a  simple  message  buffer  between  the 
MPU  and  the  MODBOT  LAN.  Future  plans  include  adding  the  message  recognition 
and  response  capabilities  of  the  Message  Manager  to  the  ICN  for  more  sophisticated 
control.  This  would  make  the  ICN  software  nearly  identical  to  that  of  the  MPU. 

4.2.2  MPU  Software  System 

The  MPU  software  system  is  responsible  for  execution  of  both  local  and  system 
methods  (functions)  as  directed  by  the  application  module.  The  MPU  provides  the  User 
Application  with  standard  interfaces  to  the  message-passing,  function-execution,  and 
logical-device-control  facilities  of  the  MRA. 

The  MPU  software  system  is  divided  into  two  distinct  components:  the  MRA  MPU 
standard  software  services,  and  the  MPU  application  program,  which  is  the  main 
routine  supplied  by  the  developer.  A  default  controller  is  supplied  by  the  MRA  (for 
simple  applications)  that  replaces  the  main  program. 

The  MPU  software  system  is  composed  of  the  following  six  functional  units: 

1)  Local-Communications  Device  Handler. 

2)  Local-Communications  Interface. 

3)  Local-Method  Manager. 

4)  System-Methi Manager. 

5)  Logical-Device  Interface. 

6)  Application  Controller. 

The  Message  Manager,  Logical-Device  Subsystem,  and  the  Application  Controller 
are  unique  to  the  MPU.  The  Local-Communications  Subsystem  is  common  to  both  the 
MPU  and  ICN,  and  was  described  previously  in  section  4. 2. 1.2. 

4.2.2. 1  Message  Manager 

The  Message  Manager  is  responsible  for  translating  and  executing  incoming  mes¬ 
sages,  and  for  generating  messages  in  response  to  external  and  internal  requests.  The 
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Message  Manager  is  also  responsible  for  external  message  address  resolution,  which 
relies  on  the  ability  to  automatically  determine  the  status  of  a  module  on  the  MOD- 
BOT  network. 

Functions  that  describe  the  behavior  of  a  module  are  called  local  methods  and  are 
referred  to  as  “internal.”  The  functions  available  to  all  modules  are  called  system 
methods  and  are  referred  to  as  “external.”  A  dictionary  contains  compiled  versions  of 
the  local  methods  that  are  executed  upon  receipt  of  the  appropriate  message.  A  library 
holds  references  to  all  of  the  system  methods  that  an  MPU  needs  for  its  application. 

The  Local-Method  Manager  coordinates  receipt  of  incoming  messages  and  their 
interpretation.  Messages  that  request  action  or  information  are  activated  as  local 
methods  contained  in  the  dictionary,  while  messages  that  are  responses  from  previous 
external  requests  are  passed  on  to  the  System-Method  Manager. 

The  System-Method  Manager  coordinates  activation  of  and  response  to  system 
methods.  A  method  queue  is  maintained  by  the  System-Method  Manager  for  external 
commands  or  data  requests  that  require  a  response.  Upon  receipt  of  the  required  infor¬ 
mation,  the  method  queue  is  searched  according  to  message  address  and  sequence 
number,  and  the  external  reference  is  resolved  with  the  response  being  passed  back  to 
the  calling  function.  The  queue  allows  the  application  program  to  activate  several 
methods  sequentially  and  then  coordinates  receipt  of  responses,  allowing  the  main 
program  to  continue  execution  until  it  is  ready  to  process  the  incoming  data.  Services 
are  available  to  the  application  program  for  examining  the  status  of  queued-method 
activations. 

Initialization  of  the  Message  Manager  includes  resolving  system-method  address 
references.  A  phone  book  is  maintained  that  contains  the  names  of  all  externally  refer¬ 
enced  modules.  Upon  startup,  each  module  whose  name  appears  in  the  phone  book  is 
searched  for  on  the  MODBOT  network.  If  found,  the  module’s  address  is  entered  and 
subsequent  references  to  that  module  can  be  resolved.  If  the  module  can’t  be  located, 
then  system  methods  referencing  that  module  will  fail. 

A  trigger-condition  table,  for  both  local  and  system  methods,  allows  for  execution  of 
functions  according  to  qualifiers  placed  on  local  (instance)  variables.  Functions  can 
also  be  activated  by  an  expiring  timer  with  a  given  period  (typically  specified  in  milli¬ 
seconds).  Conditions  for  system  methods  are  preprogrammed  by  the  applications 
developer,  while  local-method  conditions  are  set  by  external  commands. 

4.2.2.2  Logical-Device  Subsystem 

The  logical-device  subsystem  consists  of  a  logical-device  interface  and  an  associated 
blackboard  data  structure.  The  blackboard  is  used  as  a  global  module  data  storage  and 
retrieval  mechanism,  and  provides  a  convenient  and  consistent  means  of  maintaining 
local  variables  (Aviles,  Laird,  &  Myers,  1988). 
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The  blackboard  is  based  upon  logical  devices  that  have  an  abstracted  real-world 
implementation.  Logical  sensors  and  actuators,  for  example,  are  used  to  represent 
devices  whose  state  is  maintained  in  the  blackboard.  Functions  attached  to  the  logical 
devices  update  their  physical  counterpart  as  information  is  requested  from  or  entered 
into  the  blackboard.  Devices  that  have  no  hard  implementation  are  called  virtual,  and 
can  be  used  to  simulate  an  actual  entity. 

The  logical-device  interface  provides  software  services  for  adding  items  to  the 
blackboard,  and  for  updating  and  retrieving  the  various  data  fields  of  those  items. 
Activation  of  the  functions  attached  to  the  items  is  automatic  depending  upon  the 
device  interface  function  used. 

42.2.3  Application  Controller 

For  applications  that  require  no  special  processing  (e.g.,  simple  sensor  or  actuator 
modules),  a  default  application  controller  is  provided  by  the  MRA  MPU.  The  default 
controller  takes  the  place  of  the  User  Application  main  program,  and  is  responsible  for 
initializing  and  coordinating  the  other  subsystems  of  the  MPU. 

For  specialized  modules  such  as  high-level  path  planning  or  distributed  task  control¬ 
lers,  the  user  must  supply  the  main  application  program  (i.e.,  the  User  Application).  In 
this  case,  the  application  program  is  responsible  for  initializing  the  MPU  subsystems 
and  for  managing  the  MPU  software  resources  as  required  (see  section  2.2.3  for  a 
description  of  other  applications). 

4.2.3  Intermodule  Message  Format 

The  MODBOT  network  is  based  upon  the  ISO  open-systems  communication  model, 
and  implements  the  physical,  the  data-link,  the  presentation,  and  the  application  layers. 
The  message  format  used  at  the  presentation  and  application  levels  is  based  upon  the 
Robotic-Vehicle  Message  Format  (RVMF)  developed  by  TACOM  (Brendle,  1990).  The 
primary  differences  between  the  RVMF  and  that  used  under  the  MRA  is  in  the  place¬ 
ment  and  bit  requirements  for  the  unit  destination  and  source  address  fields  as  well  as 
the  message  length  and  sequence  number.  These  fields  were  modified  to  optimize  mes¬ 
sage  acknowledgment  and  function  execution  (only  three  bytes  are  required  to  ACK  a 
message  and  only  five  bytes  needed  to  execute  a  module  function).  The  RVMF  block 
address  and  unit  ID  correspond  to  the  MODBOT  address  and  module  unit  ID 
respectively. 

The  modified  RVMF  message  format  (RVMF*)  is  (nearly)  maintained  from  layer  to 
layer,  that  is,  very  few  overhead  bytes  are  added  as  the  message  is  passed  between  the 
data  link  and  application  layers.  This  greatly  increases  data  throughput  and  simplifies 
the  MRA  communications  software  interfaces.  Figure  20  is  a  preliminary  definition  of 
the  modified  RVMF  communications  protocol.  The  fgure  does  not  break  the  protocol 
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down  into  the  multiple  OSI  layers.  A  message  checksum  or  cyclic-redundancy  check 
(CRC,  not  shown)  would  be  added  by  the  data-link  layer  before  transmission. 
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Figure  20.  MODBOT  communications  protocol  (multiple  layers). 


4.2.4  High-Level  Module  Definition 

The  MRA  provides  facilities  for  describing  modules  at  a  high  level  of  abstraction. 
The  module  description  is  then  translated  into  compilable  code  that  can  be  included  in 
the  application.  A  syntax  similar  to  the  C  programming  language  is  used  to  define  a 
module’s  methods  as  well  as  internal  instance  variables.  Classes  as  well  as  objects  can 
be  defined.  Figure  21  is  an  example  of  an  object  definition  for  an  I/R  proximity  (I/RP) 
module. 


With  OBJECT; 
with  MODULE; 
module  IRP 

{ 

var  OBJECT: 

char 

CiasslJ  .  ‘MODULE*; 

char 

SuperclassD  .  ‘OBJECr; 

1 

1 

var  MODULE; 

byte 

Address  >  0; 

! 

char 

NameQ  .  ‘IRP*; 

bit 

Subsystom_Power  -  OFF; 

int 

Operationat_Status  -  IDLE; 

var  IRP; 

int 

IRP_Ma)(_Update_Rato  ■  10;  /*  Hz 

V 

int 

IRP  Numbor_Sensors  -11; 

int 

IRP_Sensor_Range  -  30;  /*  Irwhes 

•/ 

method  QUERY  OPERATIONAL  LIMITS; 

int 

lRP_Ma!LUpdate_RatoO: 

Int 

IRP_Number„SensorsO: 

int 

IRP_Sensor_RangeO: 

method  STATUS 

REQUEST.  PERIODIC  STATUS  REQUEST; 

bit 

IRP_Sensor_Report{int  S ;  in); 

bif 

} 

tRP_n_Sensor_ReponOnt  SI,  int  S2  ;  in); 

Figure  21.  Example  of  an  MRA  definition  for  an  1/R  proximity  module. 
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5.0  SYSTEM  OPERATION 


5.1  GENERAL  PHILOSOPHY 

Modular-robot  operation  depends  upon  the  application  and  is  normally  the  responsi¬ 
bility  of  the  system  developer.  However,  if  the  standard  module  application  controllers 
are  used,  then  operation  of  the  robot  is  based  upon  the  combined  behavior  of  each 
module  as  implemented  by  the  individual  module  functions.  That  is,  the  default  con¬ 
trollers  simply  respond  to  incoming  commands  by  executing  the  functions  provided  by 
the  application  programmer  (section  4.2).  If  the  standard  controllers  are  not  used,  then 
operation  is  determined  by  the  control  methodology  implemented  by  the  developer.  In 
this  case,  the  developer  is  free  to  operate  the  robot  however  desired,  and  simply  uses 
the  hardware  and  software  components  of  the  MRA  to  implement  the  design. 

5.2  AUTOMATIC  CAPABILITIES 

Independent  of  the  approach  above,  all  modular  robots  will  have  certain  inherent 
capabilities  that  will  automatically  execute  at  system  initialization.  This  includes  built-in 
tests  (BITs)  for  diagnostic  purposes,  and  module  identification  and  address-resolution 
functions  for  self-configuration.  These  capabilities  are  implemented  at  the  lower  levels 
of  the  hardware  and  software  architecture  and  cannot  normally  be  overridden  or 
defeated. 

5.2.1  Self-Diagnostics 

Upon  power  up,  the  standard  software  systems  (for  example,  the  global-  and  local- 
communications  systems)  perform  a  variety  of  diagnostic  tests  to  ensure  the  integrity 
of  the  hardware  and  software  components.  Errors  are  reported  to  the  higher  level  sub¬ 
systems  for  action.  In  case  of  a  severe  error,  degraded  performance  is  preferable  over 
total  loss  of  capability  and  will  be  attempted  if  possible.  Certain  failures  will  prevent  a 
module  from  operating  altogether,  such  as  a  low-level-communications-driver  failure. 
Diagnostic  indicators  will  be  present  on  all  standard  hardware  components  such  as  the 
ICN,  PDN,  and  PPCU. 

5.2.2  Self-Configuration 

Each  robot  module  has  an  associated  network  address  that  is  set  by  hardware  and 
is  read  by  initialization  software.  References  to  modules  must  be  correlated  with  their 
addresses  as  in  resolution  of  external  function  references  in  the  compilation  of  com¬ 
puter  programs.  Address  resolution  takes  place  automatically  upon  power  up  by  high- 
level  software  subsystems  of  the  MRA.  Unresolved  references  occur  when  a  module 
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cannot  be  located  on  the  network,  in  which  case  an  error  is  flagged.  The  process  is 
dynamic  and  allows  the  robot  to  configure  itself  each  time  power  is  applied  (or  the 
system  is  reset). 

5.3  SYSTEM  COMMUNICATION 

There  are  four  levels  of  communication  associated  with  modular  robot  control:  (1) 
communication  between  the  ICN  and  the  robot  LAN  (on  the  MODBUS),  (2)  communi¬ 
cation  between  the  ICN  and  the  MPU,  (3)  communication  between  the  CS  and  the  RP, 
and  (4)  communication  between  multiple  CSs.  These  levels  are  shown  in  figure  22. 
(This  topology  does  not  apply  to  robots  that  do  not  have  an  associated  CS.)  When 
more  than  one  CS  or  modular  robot  is  employed  at  the  same  time,  configurations  can 
be  conceptualized  that  take  advantage  of  the  multiple  communication  pathways.  (The 
communications  protocol  addresses  MODBOTs  as  well  as  individual  modules,  that  is, 
both  the  MODBOT  and  the  module  are  identified  in  the  address.) 

MODBOT  Teams  (LAN  communication) 

A  MODBOT  team  consists  of  one  or  more  CSs  controlling  two  or  more  modular 
robots.  The  CSs  are  connected  using  a  local  area  network  (LAN)  located  throughout 
the  workspace  (figures  22  and  23).  The  application  programmer  is  responsible  for 
coordinating  control  between  the  multiple  stations  (not  a  trivial  problem).  MODBOT 
teams  address  problems  such  as  physical  security  of  very  large  spaces  such  as  a 
warehouse. 


Figure  22.  Communication  paths  between  modular  robot  components. 
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MODBOT  Divisions  (WAN  communication) 

A  MODBOT  division  consists  of  multiple  MODBOT  teams  (figure  23).  A  wide  area 
network  (WAN)  connects  teams  located  at  remote  sites.  Coordination  at  this  level  is 
very  complex  and  may  require  separate  CS  dedicated  for  this  purpose.  MODBOT 
divisions  can  be  used  for  applications  such  as  inventory  monitoring  and  control  at  sev¬ 
eral  (possibly  distant)  sites. 

5.4  OPERATION  AS  A  SECURITY  ROBOT 

MOSER,  the  mobile-security  modular  robot,  is  responsible  for  autonomous  naviga¬ 
tion  of  an  enclosed  area  such  as  an  office  building,  and  for  the  detection  of  intruders 
within  that  space.  MOSER  is  modally  operated,  that  is,  one  of  several  control  modes  is 
entered  by  the  operator  at  the  CS,  and  the  robot  behaves  according  to  rules  governing 
the  selected  mode. 

Four  logical  levels  of  control  are  implemented  on  MOSER:  teleoperated,  reflexive, 
supervisory,  and  autonomous.  Teleoperated  control  allows  the  user  to  directly  navigate 
the  MODBOT  throughout  its  surroundings  while  monitoring  sensory  feedback  on  the 
CS  displays.  Teleoperation  gives  the  operator  full  control  of  all  MODBOT  actions, 
including  running  the  MODBOT  into  a  wall  as  an  extreme  example.  Reflexive  control 
is  a  variation  of  teleoperation  in  which  the  MODBOT  is  now  responsible  for  maintain¬ 
ing  primitive  reflexes  that  are  conditioned  by  the  operator.  This  prevents  the  MODBOT 
from  running  into  walls.  Supervisory  control  is  a  form  of  semiautonomous  behavior.  At 
this  level,  the  operator  is  able  to  issue  simple  commands  to  the  MODBOT  and  is  able 
to  instruct  the  MODBOT  to  traverse  a  path.  Under  supervisory  control,  the  operator 
can  intercede  at  any  point  and  override  MODBOT  automatic  functions.  Under  autono¬ 
mous  control,  the  operator  need  only  specify  goals  to  be  reached  or  simple  tasks  to  be 
executed.  Autonomous  control  is  attained  with  MOSER  by  its  ability  to  operate  as  a 
self-sustaining  mobile  security  robot  that  operates  with  a  predetermined  set  of  goals 
and  responsibilities  (e.g.,  identify  and  alert  the  operator  to  the  presence  of  intruders). 

A  typical  scenario  would  involve  an  operator  manually  piloting  the  robot  to  a 
starting  point  such  as  a  door  into  a  main  hall,  and  then  instructing  the  robot  to  patrol 
a  path  around  the  perimeter  of  the  building  and  to  sound  an  alarm  if  an  intruder  is 
detected  within  the  area  covered  by  specific  sensors. 
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Figure  23.  MODBOT  teams  (one  or  more  MODBOTs) 
and  divisions  (one  or  more  teams). 
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6.0  SYSTEM  DEVELOPMENT 


6.1  DOCUMENTATION 

Development  of  the  MRA  follows  standard  software  engineering  practices  as  best  as 
possible  given  a  finite  amount  of  time,  money,  and  patience.  The  general  plan  is  to 
research,  design,  review,  and  implement  a  modular  architecture  that  meets  an  ever- 
changing  array  of  requirements.  Because  the  MRA  is  intended  to  be  a  standardized 
architecture— a  common  interface  and  control  system  that  is  shared  among  several 
agencies— emphasis  is  placed  upon  using  “standard”  (widely  available  or  easily  attain¬ 
able)  equipment,  tools,  and  procedures  so  as  to  facilitate  implementation  of  the 
“standard.” 

System  documentation  is  a  major  portion  of  this  effort  and  describes  all  aspects  of 
the  modular  architecture  and  its  development,  from  conception  to  implementation.  This 
document  is  a  high-level  conceptual  introduction  to  the  MRA;  it  describes  the  prelimi¬ 
nary  architecture  design  and  outlines  an  example  application  (i.e.,  a  mobile  security 
robot). 

6.2  DEVELOPMENT  EQUIPMENT  AND  STANDARDS 

In  developing  the  hardware  and  software  systems  of  the  MRA,  considerable  thought 
was  given  to  the  selection  of  development  and  target  system  equipment— making  use  of 
existing  equipment  was  of  major  importance.  For  example,  the  decision  to  use  a  par¬ 
ticular  microcontroller  as  a  (standard)  module  processing  unit  was  initially  based  upon 
the  availability  of  an  existing  cross  compiler.  In  addition,  the  development  process 
(especially  implementation)  can  be  simplified  by  trying  to  standardize  on  certain  com¬ 
ponents  and  processes  that  are  repeated  throughout  the  system.  Using  a  standardized 
computer  programming  language,  for  example,  increases  software  portability  and 
reusability. 

The  sections  below  list  the  software  and  hardware  development  tools  and  equipment 
that  are  being  used  in  this  project.  The  list  is  provided  as  background  information  and 
as  a  convenience  for  future  MODBOT  developers. 

6.2.1  Software  Development  (Computers,  Languages,  etc.) 

Below  is  a  list  of  the  major  software  tools  and  equipment  used  in  developing  the 
MRA.  Only  items  that  were  used  as  “standard”  equipment  are  listed. 
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Development  systems 

IBM  PC-AT: 

Software  development. 

Project  documentation. 

MS-DOS  3.2  and  greater. 

Macintosh  Ex: 

Software  development. 

Project  documentation. 

MultiFinder  6.02. 

GRAVIS  MouseStick  GMPU  joystick. 

Farallon  MacRecorder  audio  digitizer. 

Articulate  Systems  Voice  Navigator  voice  recognition  system. 

Programming  language 

Microsoft  C  compiler  V5.1  (C  programming  language): 

Path  Planning  module  software  development  (IBM). 
Franklin  C-51  compiler  (C  programming  language): 

MPU  software  development  (IBM). 

ICN  software  development  (IBM). 

Application  module  software  development  (IBM). 

Symantic  Think  C  compiler  (C  programming  language): 

CS  software  development  (Macintosh). 

Software  development  tools 

Documentation: 

Wordstar  4.0  (IBM). 

Microsoft  Word  3.02  (Macintosh). 

Cricket  Draw  1.1.1  (Macintosh). 

MacDraw  II  (Macintosh). 

Other 


Laplink(Mac)  2.0  (file  transfer  and  data  conversion). 

Apple  File  Exchange  . 

6.2.2  Hardware  Development  (Computers,  Platforms,  etc.) 

Below  is  a  list  of  the  major  hardware  components  used  in  developing  the  MRA 
(and  MOSER).  Only  components  that  were  used  as  “standard”  equipment  are  listed. 
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Target  computer  systems 
CS: 

Macintosh  llx. 

MPU: 

80C3I  microcontroller. 

Winsystems  STD  bus  SBC 8-8  (V20  processor). 

ICN: 

80C152  microcontroller. 

High-level  processing  module: 

Winsystems  STD  bus  STD-AT  (80286  processor). 

Platform 

MOSER: 

TRC  Labmate  (modified  extensively  inhouse). 

Module  development 

Robot  module  "ring”  material: 

II8”-1I4''  thick,  18"  round  plexiglass. 

112"  thick,  18"  diameter  PVC  pipe. 

6.3  INDEPENDENT  DEVELOPMENT  OF  MODULES 

An  important  aspect  of  the  MRA  is  the  ability  to  develop  robot  modules  independ¬ 
ent  of  normal  system  development  and  integration.  The  intention  is  that  cooperating 
agencies  independently  develop  MODBOT  capabilities  that  can  be  easily  integrated  into 
an  existing  system  or  that  can  be  coupled  to  form  pieces  of  a  new  system.  Modules 
are  developed  according  to  MRA  standard  interface  requirements  with  the  developer 
supplying  the  necessary  hardware  and  software  device-specific  drivers.  The  concept  is 
similar  to  third-party  development  of  expansion  or  peripheral  boards  for  the  personal 
computer  with  the  potential  for  product  diversification  as  seen  in  this  market  applicable 
to  the  development  of  MODBOT  modules. 

6.3.1  Types  of  M  ules  That  Should  Be  Developed 

There  are  three  major  categories  of  MODBOT  modules  to  be  developed: 

(1)  actuator  modules,  (2)  sensor  modules,  and  (3)  processor  modules.  Development  of 
specific  modules  is,  of  course,  application  dependent.  Below  is  a  brief  listing  of 
potential  modules  appropriate  for  indoor  security  applications. 
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Actuators 

Actuator  modules  provide  interaction  with  the  physical  environment: 

1)  Pan/tilt  module  for  directional  sensors  such  as  cameras. 

2)  Manipulator  module  for  grasping  and  activating  controls. 

3)  Deterrence  module  for  halting  intruders. 

Sensors 

Sensor  modules  provide  information  for  world  modeling: 

1)  Environmental  module  for  temperature,  humidity,  etc. 

2)  Intrusion-detection  module  having  several  different  sensors. 

3)  Ultrasonic-ranging  module  for  mapping  the  environment. 

4)  I/R-collision-avoidance  modules  for  navigation. 

5)  Ultrasonic-collision-avoidance  module  also  for  navigation. 

6)  Video-motion-detection  or  vision-sensor  module. 

Processors 

Processing  modules  provide  system  coordination  and  planning: 

1)  Vision-processing  modules  for  navigation/object  recognition. 

2)  Neural-network  processing  module  for  data  reduction/analysis. 

3)  IBM  AT  processing  module  for  path  planning. 

4)  CP-31  microcontroller  for  use  as  a  platform-interface  module. 

5)  Control-station  module  for  use  as  a  human  interface. 

6.3.2  Adherence  to  Standard  Interface  Specifications 

In  developing  MODBOT  modules,  adherence  to  the  interface  requirements  specifica¬ 
tions  as  given  in  the  IRS  is  mandatory.  Successful  system  integration  is  wholly  depend¬ 
ent  upon  strict  conformance  to  the  MRA  standards  especially  when  multiple  activities 
are  involved.  When  possible,  fabrication  and  distribution  of  standard  architecture  com¬ 
ponents  should  be  done  by  the  coordinating  agency  to  ensure  compatibility. 
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7.0  DEFINITIONS,  ACRONYMS,  AND  ABBREVIATIONS 


AMR 

Autonomous  Mobile  Robot 

AMRF 

Automated  Manufacturing  Research  Facility 

ARDEC 

Armament  Research,  Development,  and  Engineering  Center 

BIT 

Built-in  Test 

CMOS 

Complementary  Metal-Oxide  Semiconductor 

CS 

Control  Station 

CRG 

Cyclic-Redundancy  Check 

CSMA/CD 

Carrier-Sense  Multiaccess  with  Collision  Detection 

CATERS 

Ground-Air  Telerobotic  Systems 

GRPA 

Generic  Robotic  Processing  Architecture 

CSC 

Global  Serial  Channel  (of  the  Intel  80C152) 

HDLC 

High-level  Data-Link  Control 

HDS 

Hardware-Design  Specification 

ICN 

Intelligent-Communication  Node 

lED 

Independent  Exploratory  Development 

I/R 

Infrared 

ms 

Interface-Requirements  Specification 

ISO 

International  Standards  Organization 

LAN 

Local  Area  Network 

LAWN 

Local-Area  Wireless  Network 

MB 

Megabytes 

Mbps 

Megabits-per-second 

MODBOT 

Modular  Robot 

MODBUS 

Robot  Module  Bus 

MOSER 

Mobile  Security  Robot  (first  application  of  the  MRA) 

MPU 

Module  Processing  Unit 

MRA 

Modular  Robotic  Architecture 

NASREM 

NASA/NBS  Standard  Reference  Model 

NBS 

National  Bureau  of  Standards  (a.k.a.  NIST) 

NHC 

Nested-Hierarchical  Controller 

NIST 

National  Institute  of  Standards  and  Technology 

NOSC 

Naval  Ocean  Systems  Center 

OSI 

Open-Systems  Interconnection 

PDN 

Power-Distribution  Node 

PPCU 

Platform-Power-Conditioning  Unit 
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RGS 

Realtime  Control  System 

RP 

Remote  Platform 

RVMF 

Robotic-Vehicle  Message  Format 

SBIR 

Small-Business  Innovative  Research 

SDLC 

Synchronous  Data-Link  Control 

SDS 

Software-Design  Specification 

SPEC 

System  Specification 

UGV/TOV 

Unmanned  Ground  Vehicle/Teleoperated  Vehicle 

VSI 

Virtual  Systems  Interface 

WAN 

Wide  Area  Network 
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APPENDIX  A 

SOFTWARE  SYSTEM  IMPLEMENTATION 
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Appendix  A.  Software  System  Implemehtatibn 


the  following  section  is  a  listing  of  the  standard  software  subsystems  of  the  MRA. 
The  information  provided  herein  is  sufficient  to  implement  application  modules  that 
can  be  configured  to  form  a  modular  robot. 

Configuration  information  in  the  form  of  directory  and  file  specifications,  as  well  as 
program  build  information  (i.e.,  makefiles),  are  included  in  the  listings. 

The  source  for  a  single  application  module  (Collision  Avoidance  Infrared  -  CAIR)  is 
also  included.  This  is  an  example  of  an  object-oriented  approach  to  the  development 
of  function-specific  robot  modules. 
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Appendix  B.  Hardware  System  Implementation 


The  following  section  provides  details  on  the  standard  hardware  subsystems  of  the  MRA.  The 
information  provided  herein  is  sufficient  to  implement  the  standard  hardware  components  that  each 
robot  module  possesses. 

For  each  of  the  standard  components  (i.e.,  ICN,  PDN,  and  the  PPCU),  a  schematic,  layout  diagram, 
and  a  parts  list  are  included. 
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Intelligent  Communications  Node  (ICN)  Parts  List 


Board  Ref.  | 

Quan. 

1  P/N  -  Discription 

U1 

1 

N80C?52JB-1,  MPU 

U2 

1 

27C256,  EPROM 

U3 

1 

43256AC-10L,  RAM 

U4 

1 

74HC373,  LATCH 

U5 

1 

74HC00,  NAND 

U6 

1 

SN75176B,  BUS  XCEIVER 

U7 

1 

MAX233CPP,  RS-232  DRIVER 

U8 

1 

74HCT245,  LINE  DRIVER 

U9 

1 

74HCT244,  LINE  DRIVER 

C1,C2 

2 

33pF,  7V,  (ceramic) 

C3 

1 

4.7uP,  25V,  (elec.) 

C4 

1 

O.luP,  16V,  (tant.) 

C5,C11 

2 

lOuP,  16V,  (elec.) 

C6,C7,C8,C9, 

C10,C12,C13 

7 

O.luP,  7V,  (cera^aic) 

C14 

1 

.OluP,  16V,  (tant.) 

R1,R2 

2 

200  Ohm 

R3 

1 

8.2K  Ohm 

R4 

1 

4.7K  Ohm 

R5,R6 

2 

86  Ohm 

R7 

1 

23  Ohm 

R8 

1 

4.7  Ohm 

D1,D2 

2 

LED,  2.3v  Green,  PC  Mount 

D4 

1 

Zener  Diode,  5.1V,  0.25W 

D5,D6,D7,D8 

4 

Zener  Diode,  lOV,  0.25W 

550  Series 


Board  Ref. 

1  Quan. 

1  P/N  -  Discription 

Q1 

1 

Voltage  Regulator,  5V,  lA 

Q2 

1 

Crystal  Osc.,  14.7456  MHz  . 

SW1,SW2 

2 

Dip  Switch,  8-pin,  PC  Mount,  SPST 

SW3 

1 

Momentary  Push  Button,  PC  Mount,  NO 

1 

Header,  8-pin,  PC  Mount,  Vertical 

CONN  1 

1 

DB-25  Male,  PC  Mount,  Right  Angle 

CONN  2 

1 

2  Pin  Screw  Terminal,  PC  Mount 

CONN  3 

1 

Phone  Jack,  6-pin,  PC  Mount,  Right  Angle 

CONN  4 

1 

Phone  Jack,  6-pin,  PC  Mount,  vertical 

file:  icnparts.doc 
last  revised:  6/25/91 
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PDN  SCH 


GND  +5/8V 


B-8 


Power  Distribution  Node  (PDN)  Parts  List 


■Board'  Ref  | 

Quan . 

1  P/N  -  Discription  ] 

C3 

1 

470UF  (elec.) /35V 

C1,C2 

2 

470UF  (elec.), 25V 

C4,C5,C6,C8 

4 

560uF  ( elec . /tant . ) , 25V 

C7,C9 

2 

0 . 3  3uF  ( tant . ) 

CIO 

1 

0 . luF  ( tant . ) 

R1,R2,R3 

3 

lOK  Ohm 

R4,R5 

2 

560  Ohm 

R6 

1 

IK  Ohm 

D1,D2,D3 

3 

LED,  2.3V  Green,  PC  Mount,  550  Series 

J1,J2,J3 

3 

2x2  PC  Mount  Jumpers 

F1,F2 

2 

3A  Resetable  Circuit  Breaker 

F3 

1 

6A  Resetable  Circuit  Breaker 

01.Q2,Q3,Q6, 

Q7 

5 

IRF  9531,  P-Channel  MOSFET's,  TO- 2 20  style 

Q4 

1 

7805/7808  Voltage  Regulator 

CONN  2 

1 

10  pin  Vertical  Terminal  Strip,  8213  Series 

CONN  1 

1 

10  pin  Horizontal  Terminal  Strips,  8213  Series 

CONN  3 

1 

15  Conductor  Screw  Terminal 

file:  pdnparts.doc 
last  revised:  6/10/90 
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R*  H3S  HGdd 


Platform  Power  Conditioning  Unit  (PPCU)  Parts,  List 


Board  Ref. 

1  Quan. 

1  P/N  -  Discription  ] 

o 

o 

to 

2 

4700uF  (elec.) 

C3 

1 

2200uF  (elec.) 

C4,C5 

2 

560  uF  (tant.) 

C6,C7,C8 

3 

0.33  uF  (tant.) 

R1,R2 

2 

560  Ohm 

R3 

1 

IK  Ohm 

L1,L2 

2 

5A  Current  Choke,  5200  Series 

L3 

1 

lOA  Current  Choke,  5200  Series 

T1,T2,T3 

3 

15A,  28V  Transient  Suppressor 

D1,D2,D3 

3 

LED,  2.3V  Green,  PC  Mount,  550  Series 

CONN  2 

1 

10  Conductor  Pluggable  Terminal  Strip, 

PC  Mount,  8213  Series 

CONN  1,3,4 

3 

4  Conductor  Screw  Terminal  Strips,  PC  Mount 

2 

24-12V  Dc-DC  Converter,  WR24S12/60K3 

file;  ppcuparts.doc 
last  revised:  6/12/91 
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